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ABSTRACT
Li+ Ion Transport in Select Lithium-Rich Antiperovskites
by
John William Howard
Dr. Yusheng Zhao, Examination Committee Chair
Professor of Physics
University of Nevada, Las Vegas
Lithium-Rich Antiperovskites (LiRAPs) have been shown to possess relatively high
ionic conductivity at room temperature, and become superionic conductors at elevated
temperatures. These materials generally have a stoichiometry Li3BX, where B is a
doubly deficient anion, and X is a monovalent anion. Ideally they belong to the
high symmetry space group Pm3¯m where lithium atoms occupy octahedral corners,
B anions occupy octahedral centers, and X anions occupy the interstitial centers
between the octahedra. LiRAPs were synthesized using several different methods
and characterized by XRD, EIS, DSC, TGA, FTIR, and INS techniques. Chemical
analyses were performed to determine the stoichiometries of the base compounds
Li3OCl, Li2(OH)Cl, and Li2(OH)Br. Ionic conductivities range from 2 x 10
–5 S/cm
to 2 x 10–9 S/cm at room temperature, and activation energies of Li+ diffusion range
from 0.49 eV to 1.02 eV.
iii
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CHAPTER 1
INTRODUCTION
Materials belonging to the perovskite crystalline structure family1 have been
shown to possess a remarkable range of interesting properties including magnetore-
sistance, ferroelectricity, superconductivity, and ionic conductivity.2 The simple
perovskite system has the general chemical formula ABX3 where A and B are cations,
and X is an anion. Several perovskites have a cubic crystal symmetry (space group P
m -3 m), with coordinates A = (0, 0, 0), B = (12 ,
1
2 ,
1
2), X = (
1
2 ,
1
2 , 0). Commonly, in
real perovskite systems, lattice distortions due to octahedral tilting and Jahn-Teller
effects are observed.3,4 These distortions generally produce orthorhombic, tetragonal,
rhombohedral, or hexagonal symmetries. The crystal symmetry of a simple perovskite
compound is determined by the compatibility of the ions in the crystal lattice. A
measure of the ionic compatibility, the Goldschmidt tolerance factor,5
t =
rA + rX√
2 (rB + rX)
, (1.1)
where rA, rB, and rX are the ionic radii of the respective ions, can be used in
many cases to predict the approximate crystal structure of a perovskite compound.
Methods such as x-ray and neutron diffraction can then be employed to determine
the true crystal structure. The cubic perovskite structure can be visualized as
corner-sharing BX6 octahedra with A cations 12-fold coordinated with X anions
(centered between 8 corner-sharing octahedra). FIGURE 1.1 shows a representation
of the cubic perovskite structure generated with DIAMOND crystal visualization
software. Additionally, double6 and layered perovskites7,8 are some more exotic
crystal structures belonging to the perovskite structure family, many of which also
possess interesting physical properties.9 The most notable layered perovskite example
to date is likely the YBCO high Tc superconductor,
10 which is the first ambient
1
FIGURE 1.1: A generic diagram of the cubic perovskite structure ABX3, where A,
B = cation, X=anion. Ionic radii dimensions are arbitrary.
pressure superconductor above liquid nitrogen temperature.
Another class of materials directly related to traditional perovskites are inverted
perovskites, or antiperovskites.11 These materials have the perovskite crystal
structure, but with cations occupying anion sites, and vice versa. Many authors have
reported a number of interesting properties associated with certain antiperovskite
compounds.12–15
For the current study, the compound Li3OCl and related materials were inves-
tigated for their assumed high lithium ionic conductivity and low activation energy
of lithium transport.16 These materials possess the antiperovskite crystal structure
with Li+ cations occupying the octahedral corners, O2– anions at the octahedral
centers, and Cl– centered between Li6O octahedra. It is assumed that an abundance
of the mobile species (Li+), in conjunction with the respective crystallographic atomic
positions of Li+ cations, will allow relatively facile Li+ transport through the lattice.
Of course, for transport to occur in any appreciable fashion, crystallographic defects
must be present. Generally, for crystalline materials, this involves the motion of
Schottky or Frenkel defects17 in ionic crystals. This can be seen in traditional oxide-
2
rich perovskites where doping greatly enhances O2– transport.18 It is assumed that
the aforementioned lithium-rich antiperovskites will exhibit similar behavior.
For fast ion conductors,19–21 the mobile species must be able to traverse the solid
(crystal, glass, polymer) relatively unimpeded. For electrode compatibility purposes
in battery applications, there should only be one mobile ionic species. Also, there
should be a negligible contribution to the conductivity from electron transport, usually
at least two orders of magnitude less than the ionic conductivity. Generally speaking,
a material possessing a room temperature ionic conductivity ranging from 10–4 S/cm
and above is considered to be a fast ion conductor (or superionic conductor).
The key interest in high lithium ionic conductivity solid electrolytes is the potential
for applications in all solid lithium ion batteries. In an all solid assembly, many
health/safety issues22,23 can be circumvented, such as toxicity, environmental impact,
and fires. Conduction in lithium ion battery components (cathode, anode, electrolyte)
has been shown to be the dominant factor in lithium ion battery performance.24 The
primary reason Li+ is the chosen mobile species in many battery electrolytes is due
to its relatively small ionic radius (59 pm for 4-fold coordination25) and monovalent
charge, permitting low impedance diffusion in a large number of compounds.16,26–28
Li3OCl and crystallographically related structures, it is reasonable to assume that
Li+ is the dominant mobile ionic species responsible for ionic conduction based
on results of computational studies.29,30 Additionally, when comparing to oxide-
based perovskite ionic conductors,31 it seems evident that Li+ is indeed the primary
mobile charge carrier. It should be mentioned however, that rigorous experimental
verification (tracer diffusion studies, quasi-elastic neutron scattering, etc) of these
assertions does not yet exist.
In regards to the above introductory remarks, the goals of this project can be
summarized as follows:
• Establish a baseline synthesis method for Li3OCl and related materials
3
• Identify the crystal structures of each compound
• Observe phase changes, melting and recrystallization temperatures
• Determine the ionic conductivity as a function of temperature
• Derive activation energies of ionic transport
• Manipulate and enhance the properties of the materials by doping, substitution,
and depletion
The related materials refer to compositions that are doped (higher valency cations),
substituted (different anions, anion mixing), or depleted (Schottky pair deficiency),
but maintain the same or similar crystal structure. The crystal structures for each
material were characterized using powder x-ray diffraction.32 Differential scanning
calorimetry (DSC)33 was used to determine possible phase changes, decompositions,
and the meling/recrystallization temperatures. Thermogravimetric analysis (TGA)
was used to monitor any changes in mass during synthesis. Fourier transform infrared
(FTIR) spectroscopy was used to observe the presence of OH and H2O in samples
post-synthesis. Ionic conductivities were determined using electrochemical impedance
spectroscopy (EIS) techniques;34 activation energies were derived using the Arrhenius
relation between ionic conductivity and temperature
σ =
σ0
T
e–Ea/kBT (1.2)
where σ is the ionic conductivity, σ0 is the pre-exponential factor, T is the absolute
temperature in Kelvin, Ea is activation energy of Li
+ transport, and kB is the
Boltzmann constant (see Bruce, 1995, p. 1835 for a more in depth discussion).
4
CHAPTER 2
BACKGROUND INFORMATION
In this chapter theoretical and experimental considerations will be presented as
a background for the studies performed in this work. The basics of techniques such
as electrochemical impedance spectroscopy (EIS), differential scanning calorimetry
(DSC), powder x-ray diffraction (XRD), and vibrational spectroscopy will be
presented.
2.1 Electrochemical Impedance Spectroscopy
As studies of interfaces, corrosion, electrochemical sensors, batteries, and fuel cells
are becoming ever important, a need to adequately characterize such systems is being
fulfilled in part by electrochemical impedance spectroscopy. Using this technique, one
can characterize phenomena such as interfacial reactions, evolving microstructures,
ionic/electronic transport, redox reactions, and capacitive relaxations.36,37 Initially
used widely in the study of liquid-solid interfaces, EIS has been extended to a large
number of all solid state applications. Owing to its powerfulness and relevance, EIS is
becoming a staple not only in electrochemical labs, but also across a very wide range
of disciplines.
Also known as immitance spectroscopy, EIS represents a field that studies the
dielectric nature of a given material. Immitance is a more general term, encompassing
the modulus, admittance, dielectric, and impedance functions. These are denoted
as M, Y, , and Z respectively. Table 2.1 shows the interrelationship between all
four functions. Note that each function in general is represented as a complex
number. Depending on the problem at hand, one will collect data of the most
relevant immitance function. For the case of ionic conductivity, one is interested
in ionic transport, therefore the impedance and admittance are the most relevant
to characterize the system. In this study, the impedance formalism was generally
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TABLE 2.1: Relationships Between Immitance Functions
M Z Y 
M M µZ µY–1 –1
Z µ–1M Z Y–1 (µ)–1
Y µM–1 Z–1 Y µ
 M–1 (µZ)–1 µ–1Y 
adhered to as there is a more natural relationship between the observed spectra and
the respective equivalent circuit (to be mentioned below).
The basic principles of EIS can be explained rather simply in terms of theory,
design and experimental execution. A small amplitude AC voltage, usually less than
500 mV, at a given frequency, is applied to a test sample. A small enough signal is
essential to ensure that one can apply linear AC circuit theory to the system under
study. The current response, and phase shift (between voltage and current), are then
measured. The impedance is calculated from the equation
|Z| = |V||I| (2.1)
which is valid in a linear system. This is performed over the desired frequency range
until an impedance spectrum is obtained. It should also be noted that the electrodes
in EIS experiments are usually made of a highly conducting metal that blocks the
motion of ionic species across the interface, and is not reactive with the mobile species.
This is to ensure that no diffusion or reaction happens at the interface, so that
the system remains stable and results are reproducible over time. In many other
cases, phenomena such as interfacial diffusion and corrosion are of interest, and other
electrode-sample stacks are used.
Prior to sample measurement, the short and open circuit current responses are
measured over the desired frequency range and accounted for, so that the measured
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response comes only from the sample. Frequency ranges are typically between several
Hz to several MHz for a given instrument, although some instruments are capable of
measurements in the mHZ and µHz ranges. Generally, the frequency range one will
use depends on the type of information the user would like to gain. FIGURE 2.1
shows a simple schematic of an EIS experiment.
FIGURE 2.1: A schematic showing the basic principle of an EIS experiment
Typically, one is interested in collecting data as a function of temperature, in
which heaters/refrigerators, insulators, temperature controllers and thermocouples
must be employed. More on the exact experimental arrangement used in this study
will be discussed in the experimental chapter.
Once an impedance spectrum is obtained, a number of data operations and
interpretations can be made. Graphically, two types of plots are very common in
EIS data representation: these are Bode plots and Nyquist plots. In a Bode plot,
the impedance and phase are plotted together as a function of log ν. In a Nyquist
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plot, the real and imaginary parts (ReZ = R and ImZ = X) of the impedance are
plotted parametrically, with ω the varied parameter. In this case the real part is the
resistance, and the imaginary part the reactance. As the resistance is positive and
the reactance is generally a negative quantity in these experiments, it is customary
to plot -X on the ordinate and R on the abscissa so that the data may be viewed
in the first quadrant. Inductive phenomena are generally not observed in solid state
EIS experiments, other than contributions due to electrical leads at high frequencies;
these effects are undesirable as they contaminate the desired response. The complex
impedance can be represented as
Z = Z′ + iZ′′ = |Z| eiθ, (2.2)
the real and imaginary parts being
R = Z′ = |Z| cosθ (2.3)
X = Z′′ = |Z| sinθ. (2.4)
Materials such as ionic conductors, electronic conductors, semiconductors, mixed
ionic-electronic conductors (MIECs), and dielectrics all have a unique type of
impedance profile at a given temperature. Typically, the response of a well-behaved
system can be represented by an equivalent circuit. For example, placing a dielectric
in the setup shown in FIGURE 2.1, and measuring the impedance spectrum, one will
find that this system behaves close to a pure capacitor. Similarly, an electronic
conductor will behave as a pure resistor. FIGURE 2.2 shows the Nyquist plots
of a pure capacitor and resistor and their respective equivalent circuits. At low
frequencies, the impedance (absolute value) due to the capacitor is very high due
to the relationship |Zc| = 1ωC . At high frequencies, the impedance tends to zero, and
the capacitor essentially becomes a short circuit. For the pure resistor, the impedance
is frequency independent, and appears as a single point in the complex plane.
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(a)
(b)
FIGURE 2.2: Nyquist plots for (a) a pure capacitor and (b) a pure resistor
9
Many systems behave as a combination of resistors and capacitors. FIGURE 2.3
shows the complex plane representation of a series RC circuit. Notice the direction of
increasing frequency. This is simply a linear superposition of the impedance response
of the individual R and C elements shown in FIGURE 2.2.
FIGURE 2.3: A Nyquist plot of a resistor and capacitor in series.
FIGURE 2.4 shows the Nyquist and Bode plots of a parallel RC arrangement.
The response of a parallel RC element appears as a semicircle in the Nyquist
representation. This behavior is very commonly observed in experiments on solid
state ionic conductors.34 Notice that the time constant of this circuit (RC) can
determined using data at the frequency ω = (RC)–1 = τ–1. In a real system, this
would correspond to a particular physical relaxation process. In many cases, multiple
semicircles appear, corresponding to multiple phenomena with different relaxation
times. If two processes occur with very similar time constants, the semicircles will
overlap, making it difficult to resolve each individual process.
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(a)
(b)
FIGURE 2.4: (a) Nyquist plot of a parallel RC circuit and (b) the corresponding
Bode plot
11
One pitfall of using equivalent circuits in modeling real physical systems is that
multiple circuits can be used to fit the same spectrum. It is thus important to make a
relation of the equivalent circuit to the system under study, and make the appropriate
assignments. Processes that happen in series should have serial circuit elements,
processes that happen in parallel should have parallel elements. For example, an ionic
current in a homogeneous material experiences single resistance, and can be modeled
with a resistance R. At the electrode-sample interfaces (assuming perfectly blocking
electrodes), there are capacitances, known as double layer capacitances labelled Cdl.
The entire arrangement also has a geometrical capacitance Cgeom, formed by the two
electrodes and the material under test. Referring to the sample-electrode arrangement
in FIGURE 2.1, one can infer the following:
• The double layer capacitances and ionic current resistance occur in series
• The double layer capacitances and geometrical capacitance occur in parallel
• The ionic current resistance and geometrical capacitance occur in parallel
From this, we can construct the equivalent circuit that has the geometrical capacitance
in parallel with the series Cdl1 – R – Cdl2 configuration. FIGURE 2.5 shows the
equivalent circuit and impedance response of such a system. In fact, similar behaviors
are very commonly observed in high purity single crystal ionic conductors with
ionically blocking electrodes.38,39
In practice, single crystals are usually not accessible, as they are generally difficult
to make in sizes large enough for a routine EIS experiment. Therefore, polycrystalline
samples (or powders) are the choice of most EIS studies. The main difference in
observed properties between a single crystal its polycrystalline form is the introduction
of grain boundary phenomena. Another profound difference is the distribution of
grains and grain boundaries in terms of their orientations and dimensions. These
features are clearly evident in most EIS experiments.
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FIGURE 2.5: Equivalent circuit and Nyquist plot of a homogeneous material with
blocking electrodes. The double layer capacitances are lumped into a single capacitor
for simplicity and labeled Cdl
A large number of solid state impedance spectra from powder samples can be
adequately modeled using a slight modification to the equivalent circuit originally
proposed by Bauerle (1969).40 This consists of 3 parallel RC elements in series,
each element representing the responses due to the grain interior, grain boundary,
and electrode-electrolyte interfaces. For single crystals, the grain boundary feature
is absent, and is reflected in the obtained impedance spectrum. This model assumes
that there is only one mobile ionic species. FIGURE 2.6 shows the modified equivalent
circuit and Nyquist plot. Capacitance values were chosen to represent typical values
obtained experimentally.
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FIGURE 2.6: This figure shows the modified equivalent circuit proposed by Bauerle
(1969) and the respective Nyquist plot for an arbitrary set of circuit parameters. gi
and gb stand for grain interior (bulk) and grain boundary. The modification includes
an extra capacitor in parallel with the grain interior resistance.
The modification is the additional capacitor in parallel with the grain interior
resistance. This is because the maximum frequency used in the original experiments
was not high enough to observe the contributions of the grain interior. More modern
experiments on polycrystalline electrolytic ceramics41–43 have demonstrated that this
arc indeed exists, and can be appropriately modeled by a parallel RC element in many
cases. Physically, this can be rationalized using a simplistic model known as the brick
layer model.44,45 A simple drawing of the brick layer model can be seen in FIGURE
2.7. Real polycrystalline samples are inherently much more complicated than the
highly simplified brick layer model, as grains and grain boundaries are not uniform
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over the sample volume. Generally, there is a distribution of time constants associated
with grains and grain boundaries due to their inhomogeneities in size, orientation and
composition.46–48 This model does, however, give a good qualitative understanding
of what is observed in many solid state EIS experiments and allows one to make
estimates on the average behavior of a material.
grain boundary
grain interior electrode
FIGURE 2.7: Brick layer model showing the grain interior, grain boundary, and
sample-electrode interface.
In FIGURE 2.6, the contribution from the electrode-electrolyte interfaces (low
frequency arc) appears as a semicircular arc in the complex plane. In practice, there
are a wide range of observed features associated with these interfaces. If the electrodes
are truly blocking, then the resistance Relectrode of this RC element is infinite (for
a purely ionic conductor), and only the capacitor contribution will be observed (a
large vertical capacitive tail instead of a semicircular arc). If there is ionic diffusion
across the electrode-electrolyte interface, an angled tail in the low frequency region is
observed, in which case a Warburg impedance may be used to model this region of the
system (Huggins, 2008, p. 42149). Commonly, it is in the case of polycrystalline mixed
ionic-electronic conductors that three semicircular arcs are observed in the complex
plane (Huggins, 2008, pp. 426-43049), the low frequency circle being due to electronic
leakage across the electrolyte-electrode interface.
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A more intuitive equivalent circuit based on the brick layer model and experimen-
tal setup in FIGURE 2.1 can be constructed by looking at the individual processes
happening either in series and parallel. The double layer capacitances and grain
interior ionic current resistance occur in series. The geometric capacitance occurs in
parallel with Rionic and Cdl. The grain boundary resistance and capacitance (Rgb
and Cgb) occur in parallel, and this parallel RC element occurs in series with Rionic
and Cdl. It should be pointed out that the circuit elements Rionic and Rgb are the
equivalent contributions from the individual grains and grain boundaries. Cgb is the
equivalent capacitance from the grain boundaries. Cdl is the equivalent capacitance of
the two double layer capacitances. FIGURE 2.8 shows the equivalent circuit derived
from this analysis. This equivalent circuit will yield the same impedance response as
Cgeom
Rionic
Rgb
Cgb
Cdl
FIGURE 2.8: Equivalent circuit model for a single ionic mobile species with blocking
electrodes
shown in FIGURE 2.6 except there will be no low frequency impedance arc, but a
vertical capacitive tail.
Another interesting phenomenon is that of mixed ionic-electronic conduction,
where both electrons and ionic species have significant contributions to charge
transport.50 When electrons are also carrying current in the sample, the equivalent
circuit must be modified to account for this. This basically amounts to adding a
resistance in parallel with the ionic resistance. FIGURE 2.9 shows the modified
circuit. At DC and low frequency voltages, the impedance is dominated by the
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Cgeom
Rionic
Rgb
Cgb
Cdl
Re
FIGURE 2.9: Equivalent circuit of a mixed ionic-electronic conductor with blocking
electrodes
electronic contribution, namely Re. The double layer capacitance is effectively
shunted, as electrons can now pass from the electrode to the sample. As the frequency
increases, the other components of the equivalent circuit become relevant. At very
high frequencies, the response is dominated by the parallel combination of Cgeom,
Rionic, and Re, as Cgb and Cdl are essentially short circuits. A good review of mixed
conductors is given by Huggins (2002).51
Another highly useful tool in EIS is the application of Kramers-Kronig52–54
relations to experimental data. Using these relationships, one can calculate the
real part from the imaginary part and vice versa of a linear response function.
Mathematically, the real and imaginary parts can be expressed as
Z′(ω) = 2
pi
P
∫ ∞
0
ω′Z′′
ω′2 – ω2dω
′, (2.5)
Z′′(ω) = –2ω
pi
P
∫ ∞
0
ω′Z′
ω′2 – ω2dω
′ (2.6)
where P (the principal value) denotes the fact that the integration is performed
such that the singularity ω′ = ω is excluded. The Kramers-Kronig transforms
assume both causality and stability, and may be used to determine the validity of
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experimental data. For example, if a system is unstable (i.e. changing in time),
the KK relations will not be satisfied. Experimentally, these relationships can be
applied by measuring the real and imaginary parts over a wide frequency range, and
calculating the corresponding real or imaginary parts using the above expressions. In
practice, frequency ranges do not extend to infinity, so the integration limits must
be changed to the experimental frequency range. An interesting application of the
KK relations other than system stability insurance is in corrosion studies, where the
changing interfacial impedance can be inferred from the lack of agreement between the
measured and calculated responses.55 Most EIS software packages have the Kramers-
Kronig relation test built in for quick data checks of system stability.
Once the spectrum is obtained, the ionic conductivities due to the grain interior
and grain boundary processes can be derived. Taking the resistance values from
the respective semicircular arcs, the resistivities can be calculated using the simple
relation
ρ = R
A
L
(2.7)
where R is the resistance, A is the cross-sectional area, and L is the thickness of the
sample. The conductivity is simply the inverse of the resistivity, given by
σ =
1
R
L
A
. (2.8)
Due to the inhomogeneity of grain size and grain boundary structure, the distribution
of relaxation times typically cause a noticeable depression of the impedance arcs, the
centers being below the abscissa. The depression is caused by an overlapping of many
very closely spaced arcs, thus the appearance of a semicircle with a center below
the abscissa axis. In practice, this is handled by using a constant phase element,56
Q, instead of a capacitor when fitting the data. The impedance expression for the
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constant phase element is given by ∣∣∣ZQ∣∣∣ = 1Qωα (2.9)
where α is the angle between the origin of the impedance plane to the center of the
semicircular arc. Therefore, Q is essentially an effective capacitance accounting for
the inhomogeneity of the system.
2.2 Differential Scanning Calorimetry and Thermogravimetric Analysis
Differential scanning calorimetry (DSC)33 is a popular technique allowing one
to determine a vast quantity of thermodynamic properties of a given material.
Thermogravimetric analysis (TGA)57 is a complimentary technique, studying the
mass of a given material as a function of temperature. Modern instruments are
capable of combining these two techniques, permitting one to acquire a detailed
understanding of the studied material. Properties and phenomena such as melting,
freezing, sublimation, vaporization, specific heat, oxidation, structural phase transi-
tions, glass transitions, adsorption, chemical reaction kinetics/mechanisms, etc. can
be accurately studied using DSC/TGA.
The main goal behind a DSC experiment is the determination and quantification
of some chemical and/or physical process. DSC experiments measure the amount
of heat necessary to drive a particular process, and the temperature at which the
process occurs. This is accomplished by keeping both a reference and a sample at some
specified temperature by applying a certain amount of heat to each. The temperature
may be scanned, or kept constant, depending on the information one is attempting
to extract. As an endothermic or exothermic process is encountered, more or less
heat needs to be supplied to keep the sample and reference at the same temperature.
In a DSC curve, this amounts to peaks or dips, depending on whether the process
is endothermic or exothermic. FIGURE 2.10 shows a simple schematic of a power
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FIGURE 2.10: A simple schematic of a power compensation DSC
compensation DSC arrangement.
Instrument calibration is essential both for accurate thermometry and enthalpy
determination. Two types of DSC are commercially available, and these are heat flux
DSCs and power compensation DSCs. In this study, a power compensation DSC
was used, where the amount of power to heating elements is varied to maintain
a constant temperature between the reference and the sample. Using the known
enthalpies and temperatures of fusion of high purity materials, one can simultaneously
perform temperature and enthalpic calibrations of a DSC instrument. The enthalpic
calibration yields the calorimetric constant Kc of the system, which gives the correct
conversion of DSC units (typically mW, µV/mg or µV/mW) to the actual heat flow
rate in J/s. Integration of a DSC peak (or valley) will effectively give the enthalpy of
that process using the equations
φtrue = Kcφm, (2.10)
∆H =
∫ t2
t1
φtruedt (2.11)
where φtrue is the actual heat flow rate, φm is the measured heat flow rate. It is
assumed that the background DSC signal has been subtracted out. It should also
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FIGURE 2.11: DSC peak simulation. The measured flow rate is on the ordinate, and
time on the abscissa. φbl is the baseline, or background heat flow rate. The area
under the curve is proportional to the heat of reaction or transformation
.
be noted that in general, Kc is temperature (thus time) dependent, and cannot be
placed outside of the integral. FIGURE 2.11 shows a simulated DSC peak profile.
2.3 Powder X-ray Diffraction
X-ray diffraction techniques have long been employed to determine and identify
crystal structures of crystalline specimens.58,59 At first being applied only to high
symmetry single crystals, diffraction can be used to study both very fine powders and
structures with very low symmetry. As high purity single crystals are not always, if
ever, available, powder diffractometry has become an incredibly popular and powerful
tool in the study of crystalline materials.
Unlike neutron diffraction, where neutrons interact with atomic nuclei, x-ray
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plane waves
re-radiated spherical waves
FIGURE 2.12: Elastic scattering process showing plane waves being re-radiated in
all directions
diffraction exploits the interaction of x-rays and electron clouds. The major limitation
of x-rays versus neutrons in diffraction is in the determination of thermal parameters,
where neutrons directly probe the positions of atoms. The major advantage of x-
ray diffraction is in the facile generation of x-rays in large quantities compared to
neutrons, making data collection a much faster process. Additionally, powder x-ray
diffractometers can now be made as small as a few cubic feet, making experiments
very convenient and user friendly.
While there are many different types of powder diffraction geometries, each
operates on the same basic principles. Monochromatic x-rays interact with atomic
electrons and scatter elastically in all directions (assuming unpolarized radiation).
Due to the periodicity of crystals, at certain scattering angles these scattered x-rays
will interfere constructively. Measuring the angles where constructive interference
occurs gives the diffractogram, a plot of intensity versus scattering angle. FIGURE
2.12 shows a simple diagram of the elastic scattering phenomenon, and FIGURE 2.13
shows the constructive interference condition known as Bragg’s law.
Generally in powder diffraction, one plots the intensity versus 2θ, as this is
the total scattering angle for a given constructive interference process. Each peak
in the diffractogram (known as a Bragg reflection) represents a distance between
neighboring atomic planes, known as the d-spacing. The d-spacing can be simply
calculated using the Bragg equation shown in FIGURE 2.13. Each set of atomic
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monochromatic
plane waves
PLD = d1 + d2 = 2d sin θ = nλ
d1
d2
d
θ θ
FIGURE 2.13: Bragg’s diffraction law showing the derivation of the constructive
interference condition. Black dots represent atoms in the crystal
planes may be represented by a Miller index, a coordinate in reciprocal space, in
general represented as (hkl) where h, k, and l are integers. A detailed presentation of
Miller indices, reciprocal space, the relationship to crystal arrangement, among other
crystallography fundamentals can be found in Fundamentals of Crystallography, 3rd
Edition (Giacovazzo et al., 2003).60
Depending on the crystal symmetry of a given material, certain Bragg reflections
will (or will not) be observed. This is due to the extinction rules, which are determined
by destructive interference conditions. For a particular space group, certain (hkl)
reflections may not be observed due to the extinction rules. A complete listing of all
space groups and respective extinction rules can be found in The International Tables
for Crystallography, Volume A: Space-group symmetry.61
The first step after data collection is to determine the type of lattice (periodic
three-dimensional arrangement of atoms) the material under study belongs to.
In three-dimensional space, there are 14 possible allowed lattices known as the
Bravais lattices.62,63 FIGURE 2.14 shows the 14 possible lattices. Although lattice
determination and indexing may be done by hand, this can be extremely tedious
especially if one does not have a good initial guess of the material’s crystal structure.
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FIGURE 2.14: The 14 Bravais lattices
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Fortunately, autoindexing programs64 are available to quickly identify possible unit
cells with dimensions. Along with a reasonable initial model, one can make the correct
choice of unit cell and dimensions.
Space group and structure determination is much more difficult, especially for
unknown low symmetry materials. Again, with the help of computer software,65,66
one may deduce the space group and crystal structure of a given material much more
quickly. It should be noted that high quality data is a requirement to determine
a unique, unambiguous solution. Additionally, a reasonable initial guess (especially
for simple inorganic compounds) can be made with the aid of the Crystal Structures
series of books by Wycoff.67
2.4 Vibrational Spectroscopy
It is known that vibrations of a solid are directly related to the thermodynamic
properties of that material. Knowledge of the vibrational behavior of a given material
can give great insight on the physical properties it possesses. For example, thermal
and electrical conductivity are intimately tied to vibrations in crystals. Diffusion in
solids has also been linked to phonons of a given crystal structure.68 As diffusion and
ionic transport are also directly related, it was a goal of this project to determine if a
relationship existed between phonons and Li+ ion conductivity in these lithium-rich
antiperovskites.
The techniques comprising vibrational spectroscopy69 allow one to probe the
atomic vibrations within a given material. The most common techniques are Fourier
transform infrared spectroscopy (FTIR), Raman spectroscopy, Nuclear Resonant
Inelastic X-ray scattering (NRIXS), and inelastic neutron scattering (INS). Depending
on the material, one technique may be preferred over the other. For example, due
to selection rules, some vibrations that may be observed using FTIR will not be
observed in the Raman spectrum, and vice versa. The advantage of both FTIR and
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FIGURE 2.15: A schematic diagram of an FTIR spectrometer
Raman systems is that they are commercially available and take up relatively little
space. NRIXS can only be performed at synchrotron facilities, and probes only the
motion of a particular Mo¨ssbauer isotope. INS has the advantage that there are no
selection rules (allowing one to measure all vibrations), although one has to perform
these measurements at a neutron scattering facility.
Atomic and/or molecular vibrations may be detected by a photon absorption or
scattering event. Characteristic vibrations, of a bond or functional group, have a
well-defined frequency (the so-called resonant frequency), and thus energy, associated
with them. In IR spectroscopy, one exploits the absorption of photons at the resonant
frequency. The spectrum is obtained by varying the frequency of incident radiation
(which is done with a broadband source and spectrometer) over the vibrational energy
range and recording the quantity of radiation absorbed by the sample as a function
of frequency. It should be pointed out that IR active modes are those which cause a
change in dipole moment; vibrations that do not cause a net change in dipole moment
(for example, the symmetric N2 stretch in an N2 nitrogen gas molecule) cannot be
detected using IR spectroscopy. FIGURE 2.15 shows a simple schematic drawing of
an FTIR spectrometer.
For this project, both FTIR and INS spectroscopy were performed on samples, as
26
Raman was not accessible, and NRIXS was unnecessary. FTIR was used primarily
to determine the presence of OH, which was undesired for Li3OX samples. FTIR
is also very useful in determining the presence of H2O. These antiperovskites are
very hygroscopic, and water is detrimental to sample integrity. FTIR provides a
quick and easy means of identifying atmospheric water contamination and hydroxide.
Additionally, organic solvents were used in many cases and FTIR is an excellent tool
to determine the quality/purity of a solvent and if there is any undesired residue left
after sample synthesis.
INS was used to measure the phonon density of states (DOS) of the antiper-
ovskites. Unfortunately, beamtime is difficult to come by, so only a few samples were
able to be measured. The goal of using INS was to determine which phonons are
associated with lithium ion transport. Typically, a decrease in phonon amplitude
(known as phonon ”softening”) is tied to a particular transport mechanism.70 This
phonon softening indicates a lowering of the potential energy barrier that must be
overcome in order for a Li+ ion to hop from one crystallographic site to another.
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CHAPTER 3
EXPERIMENTAL
In this chapter, experimental aspects will be discussed in detail. In regards to the
background information chapter, the specific applications of each technique will be
presented. Corresponding data will be shown in the results and analysis chapter.
3.1 Sample Synthesis
This section will give in detail the method and procedures for sample synthesis.
Many methods were attempted, and as of yet only one method for the synthesis for
Li3OCl has been successful. Each of the sample synthesis protocols will be briefly
summarized. Synthesis of the related antiperovskites Li2(OH)Cl1–xBrx will also be
discussed, as well as doped compounds.
3.1.1 Li3OCl and Li3OBr
Solid State Diffusion Method
The first attempt at synthesizing Li3OCl was the simple solid state reaction
Li2O + LiCl
600◦C
–––––––→ Li3OCl. (3.1)
The temperature was chosen such that the reaction would proceed via a solid diffusion
mechanism, as this is the chosen synthesis method of many traditional oxide-based
perovskites.71 A 1:1 ratio of Li2O (Sigma, 97%) and LiCl (Sigma, 99%) were
ground together, pressed into a pellet, then heated for three days. The resulting
XRD pattern showed the formation of a new phase, consistent with that of a cubic
antiperovskite with stoichiometry Li3OCl.
16,72 A large amount of unreacted Li2O
and LiCl remained. The sample was re-ground, re-pressed, and reheated for seven
days in attempt to further drive the reaction. Unfortunately, the phase fractions
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of Li3OCl, Li2O, and LiCl did not noticeably change. This same reaction was also
attempted at high pressures (∼ 2 GPa) using a heated hardened steel die, however
no obvious improvement was observed. Various times, temperatures, and pressures
were tried; the greatest yield (according to XRD) was ∼30%. This was, on the other
hand, a good indication that the phase Li3OCl, with the antiperovskite structure,
could indeed be formed. Similar results for the Li3OBr analog were obtained using
this method.
Another solid state diffusion reaction was attempted to observe the effect of
quenching the product in liquid N2 directly after synthesis. It was postulated that
if the reaction went to completion at high temperature, then perhaps this phase
could be isolated by rapid cooling. This did not produce any interesting results for
Li3OCl, but worked comparatively well for Li3OBr. For this synthesis approach,
a 1:1 ratio of Li2O:LiBr was ground in a mortar and pestle in a glove box. The
powder was placed at the bottom of a long quartz tube; the open end of the tube
was filled with a quartz wool/drierite/quartz wool ”sandwich” to prevent moisture
from getting to the starting materials once the tube is removed from the glovebox.
A rubber stopper was also used to seal off the open end. Typically, five tubes were
identically prepared so that a timed study could be performed. The five tubes were
simultaneously plunged into a preheated, vertically oriented furnace. At different
times, tubes were removed and plunged into a liquid N2 bath. The samples were
recovered and promptly transferred to a glove box. FIGURE 3.1 shows a picture
of the synthesis setup. This method, regardless of cooking time, never produced
a perfectly pure phase, however the purity was in general much greater using this
method. By re-grinding, reheating, and quenching an ∼80% purity (XRD phase
fraction) Li3OBr compound was formed.
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FIGURE 3.1: A picture showing the solid state reaction in quartz tubes. The tubes
are immediately plunged into a liquid N2 bath after synthesis.
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Lithium Hydroxide Method
As the solid state diffusion method proved to be an unacceptable approach, the next
obvious step was to try a chemical reaction synthesis. As LiOH and LiCl form a
eutectic at the ratio 2:1 LiOH:LiCl (melting point = 275◦C), it was hypothesized
that Li3OCl could be formed from the reaction
LiCl + 2LiOH
300◦C
–––––––––→
vacuum
Li3OCl + H2O. (3.2)
Dry powders of LiOH (sigma, 98%) and LiCl (sigma, 99%) were mixed in a glovebox
and placed in quartz tubes. The quartz tubes were then connected to a vacuum line.
Cylindrical furnaces, made of copper tubing and a heating tape, were placed around
the tubes. The heating tape was connected to a Digi Sense temperature controller,
and a control thermocouple was placed inside the furnace, next to the reagents. An
alumina sleeve was used to insulate each furnace, and quartz wool was placed at
either end to further insulate the furnace. Each furnace setup was placed on top of
a silica block. FIGURE 3.2 shows a photo of the synthesis line. This reaction was
attempted for varying amounts of time, however no apparent difference in composition
was observed. XRD did confirm that no LiCl or LiOH was left over, although a
large number of unidentified diffraction peaks were now apparent. At first, it was
assumed that the pure Li3OCl compound likely had an orthorhombic or tetragonal
unit cell (according to the Goldschmidt tolerance factor, equation 1.1), however no
reliable solutions could be found when trying to index all peaks simultaneously. Upon
careful inspection, it was determined that this synthesis method produced at least two
phases, one of which was a cubic antiperovskite with the same unit cell parameters
as that of the product from the solid state reaction. It was also determined that
any H2O that formed on the walls of the vacuum line were not from the reaction
process, but from surface water of the starting materials. Using starting reagents
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FIGURE 3.2: Li3OCl synthesis line using the lithium hydroxide method. Dynamic
vacuum ensures the removal of H2O during the reaction process.
previously dried under vacuum at high temperature did not produce any observable
H2O during the reaction. A liquid N2 trap placed between the vacuum line and pump
also did not collect anywhere near the amount of H2O expected based on equation
3.2. A TGA/DSC experiment also confirmed that the reaction in equation 3.2 does
not proceed in the desired manner.
Ammonium Bromide Synthesis Method
This method uses a mixture of NH4Br and Li2O to synthesize the Li3OBr compound.
The general reaction used was
2NH4Br + 3Li2O
400◦C
––––––––––––→
Ni crucible
2Li3OBr + H2O + 2NH3 (3.3)
The major pitfall of this reaction is the generation of H2O, which if not removed
promptly, will react with Li2O to form LiOH. The reaction was performed in an
open Ni crucible on a preheated hot plate ∼ 400◦C for varying amounts of time.
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Unfortunately, it was never possible to completely avoid the formation of LiOH, as
evidenced by FTIR spectroscopy, although a fairly pure (∼ 80%) phase could be
formed.
Quaternary Ammonium Salt Synthesis Method
The failure of the ammonium bromide synthesis led to the idea that a similar reaction
in the absense of H2O could yield the pure product. It is known that many quaternary
ammonium salts (QAS) will decompose into a tertiary amine and an alkyl halide. The
idea of this synthesis was to contain both Li2O and the QAS in a sealed container to
drive the reaction
3Li2O + 2R4NX
400◦C
–––––––→ 2Li3OX + 2R3N + R2O, X = Cl, Br (3.4)
where R are alkyl groups. The tertiary amine decomposition product is used to wet
the Li2O surface, and the gas phase alkyl halide can directly react with the Li2O.
It turned out that tetraethylammonium halide salts gave the best results in terms
of phase purity. To perform this synthesis, appropriate amounts of Et4NX and Li2O
were mixed and placed into a sealed steel crucible (inside of a glove box). The crucible
consisted of a 4 inch stainless steel tube and swagelok plugs on each end. FIGURE
3.3 shows a picture of a steel crucible used for sample synthesis, and FIGURE 3.4
shows a photo of the box furnace that was used to heat the crucibles.
Again, time and temperature were varied, and 4 hours at 400◦C gave the best
results. We were able to obtain pure phases in both the Li3OBr and Li3OCl syntheses,
however there was still contamination of OH in the lattice as confirmed by FTIR. It
is assumed that the β-hydrogen on the ethyl group of the ethyl halide reacts with
a Br– or Cl– radical, forming HBr or HCl. In turn, HBr (HCl) reacts with Li2O to
make LiBr (LiCl) and H2O, and Li2O and H2O to make LiOH. Most likely, the OH
stretch observed in the FTIR spectrum is due to the OH– anion occupying O sites,
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(a) (b)
FIGURE 3.3: (a) A stainless steel crucible used for the synthesis of Li3OCl and
Li3OBr using the QAS synthesis method. (b) A pressure gauge attached to the vessel
to monitor vessel pressure during synthesis.
leaving a lithium site vacant. This mechanism is assumed as the lithium halide is
observed in the x-ray diffraction pattern at shorter cooking times. Additionally, the
compound Li2(OH)Br and Li3OBr yield the same x-ray diffraction pattern, making
them indiscernible using powder XRD alone.
Butyl Diglyme/Benzyl Halide Synthesis
As the QAS synthesis method did not fully alleviate the hydroxide issue, removing
the potential formation of HBr (HCl) was the next obvious step. Instead of using
an alkyl halide, a benzyl halide was used to avoid the β-hydrogen and halide radical
reaction. The other modification was to use an inert, high boiling point solvent as
the reaction medium. This allowed the synthesis to be performed in boiling flasks
in a standard chemical fume hood. FIGURE 3.5 shows a photo of a synthesis line
using this method. The materials used for this method are Li2O (Sigma, 97%), BnX
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FIGURE 3.4: Box furnace used in QAS synthesis method
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FIGURE 3.5: Synthesis line using the Butyl diglyme/benzyl halide approach.
Condensers and a water chiller used to collect and return volatile BnCl. Argon gas
and a gas bubbler were used to protect the reaction from atmosphere.
(X = Cl, Br, Sigma, 99%), diethylene glycol dibutyl ether (or butyl diglyme, 98%),
500 ml boiling flask and heating mantle, temperature controller + thermocouple,
cooling water + condenser, and protective Ar gas.
Ultimately, this method allowed the synthesis of pure Li3OCl, as there was no
evidence of OH– in the FTIR spectrum. Times and temperatures had to be varied
in order to determine the correct procedure. Initially, some Li2O was left unreacted
as evidenced by powder XRD. This was due to the product forming around an Li2O
grain, shielding unreacted Li2O at the grain center. By intermittent grinding during
synthesis, the unreacted Li2O can be exposed and returned to the boiling flask to
complete the reaction. In addition to grinding the product during the synthesis,
ball-milling the Li2O beforehand further facilitated the reaction, as the grain size
significantly decreased, increasing the total surface area for reaction. FIGURE 3.6
shows a time and temperature profile that led to a successful synthesis. The only
drawback of this approach is the organic film from the solvent that is left on the
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FIGURE 3.6: Time and temperature profile of butyl diglyme/benzyl halide synthesis
sample after cooling. Washing and boiling thoroughly with toluene can reduce this
issue quite dramatically, and one is left with a powdery white material possessing only
the Li3OCl composition. FIGURE 3.7 shows a photo of a sample recovered using this
method.
3.1.2 Li2(OH)Cl1–xBrx
Synthesis of the lithium depleted Li2(OH)Cl1–xBrx compounds are rather simple
and inexpensive, making them attractive candidates as solid state electrolytes.
Additionally, the lithium site occupancy is 23 , meaning that
1
3 of the lithium sites
are vacant. High vacancy concentrations are generally a desirable property of many
good lithium ion conductors as this facilitates ionic transport. These compounds are
synthesized using the previously mentioned lithium hydroxide approach by mixing the
appropriate ratios of LiOH, LiCl, and LiBr and melting them together under vacuum.
In order to scale up the operation, the premixed powders were placed in Al2O3 or
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FIGURE 3.7: Sample recovered using butyl diglyme/benzyl halide synthesis
FIGURE 3.8: Photo of large vacuum furnace used for Li2(OH)Cl1–xBrx sample
synthesis
porcelain crucibles and melted in a large vacuum furnace. Equation 3.5 gives the
synthesis conditions for the Li2(OH)Cl1–xBrx samples.
LiOH + (1 – x)LiCl + xLiBr
350◦C
–––––––––→
vacuum
Li2(OH)Cl1–xBrx. (3.5)
The temperature of 350 ◦C was chosen to ensure that all mixtures would melt as the
melting point of each composition is different. FIGURE 3.8 shows a photo of the
vacuum furnace used to make large batches of Li2(OH)Cl1–xBrx and FIGURE 3.9
shows a photo of samples in their crucibles post-synthesis. Synthesis times ranged
from several hours to several days, however there is no apparent difference (according
to XRD and EIS) in sample quality as long as the mixtures are heated above the
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FIGURE 3.9: Photo of Li2(OH)Cl1–xBrx samples in crucibles after synthesis
melting temperature. As the synthesis is complete upon melting, typically only a few
hours are needed.
The finished products are pure phases possessing either a distorted antiperovskite
or cubic antiperovskite crystal structure. For the case x = 0, the compound
Li2(OH)Cl is a distorted perovskite with space group Amm2.
27 The smallest amount
of Br substitution attempted was x = 0.10, and this was enough to produce the
cubic antiperovskite structure. For all higher values of x the cubic structure is also
obtained. The Li2(OH)Cl1–xBrx materials can also be made by melting together the
desired amounts of Li2(OH)Cl and Li2(OH)Br.
3.1.3 Doped Compounds
Many attempts were made at systematically doping the Li3OCl, Li3OBr, and
Li2(OH)Cl1–xBrx antiperovskites. In most cases, the reactions did not proceed in
the desired directions, typically with starting materials and new unidentifiable phases
being left after synthesis. Higher valency cations such as Mg2+ and Ca2+ were used
in attempt to create lithium vacancies in the lattice. The compounds MgCl2, CaCl2,
AlCl3 and CaO were used in the above reactions to dope the compounds at various
concentrations. In chapter 4 the XRD results of several of these syntheses will be
presented and discussed. EIS results will be given for apparently successful syntheses.
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FIGURE 3.10: Photo of x-ray diffractometer with vacuum attachment.
3.2 X-ray Diffraction
All XRD experiments were performed using a Rigaku Ultima III powder x-ray
diffractometer. This diffractometer uses a copper Kα radiation source and Bragg-
Brentano scattering geometry. Since the samples are highly sensitive to moisture, they
were protected during the measurement process. If using the standard stage, parafilm
would be stretched over the glass slide containing the finely ground powder specimen.
For the majority of these measurements, a medium/low temperature stage with a
vacuum shroud attachment was used. This had the advantage of eliminating a large
amount of parasitic peaks/background that the parafilm causes. Also, this allowed
measurements to be performed at low and high temperatures under the protection of
vacuum. FIGURE 3.10 shows a photo of the x-ray diffractometer with the vacuum
attachment. Mylar windows allow x-rays to travel unobstructed to the sample and
detector.
3.3 Chemical Analysis
In this section, an overview of the details regarding the determination of the
elements comprising the respective antiperovskites will be presented. For each element
determination, a specific type of titration was performed. Emphasis on the procedure
to determine lithium will be given as this novel approach was developed for this
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FIGURE 3.11: A photo showing the potentiometric (left) and iodometric (right)
titration setups used to determine Cl, Br, and Li.
specific purpose.
3.3.1 Cl and Br determination
To determine the amounts of chloride and bromide, a potentiometric titration was
performed. This involved the use of Cl– and Br– ion selective electrodes (ORION),
a known sample mass, and AgNO3 standard solution (typically 0.750 M or 0.075 M
solutions). pH was typically adjusted to 2 using dilute HNO3 A volumetric burette
was used to add known amounts of AgNO3 solution to the analyte. Titration curves
were obtained and equivalence volumes were determined using the inflection points.
3.3.2 O and OH determination
Oxygen and OH were determined assuming the reactions
Li3OCl + H2O→ 2LiOH + LiCl (3.6)
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or
2Li2(OH)Cl + H2O→ 2LiOH + 2LiCl + H2O. (3.7)
In reaction 3.6, Li3OCl reacts with water to form OH
– in solution. In reaction 3.7,
Li2(OH)Cl dissolves in H2O and similarly forms OH
– in solution. OH– in solution can
be easily determined using an acid-base titration with HCl standard solution (0.500
M was used) and a pH meter.
3.3.3 Li determination
Lithium determination proved to be very challenging, as traditional methods such as
spectrophotemtry and atomic absorption spectroscopy, and ICP-AES (inductively
coupled plasma-atomic emission spectroscopy73) were either unreliable, unrepro-
ducible or unaccessible. The principle behind the method used in this project relies
on the 1:1 ratio of Li:I in the compound LiKFeIO6. By forming this compound, we
can effectively infer the lithium content by determining the iodine content. Iodine
titration techniques (iodimetry, iodometry) are well founded methods for determining
a wide range of chemical species (see, for example, Harris, 2010, pp. 340-343) for a
large number of applications. This method has the advantage of lithium determination
using two possible titration methods:
• standard iodometric titration using Na2S2O3 standard solution and determining
the end point using starch indicator
• potentiometric titration using an I– ion selective electrode (ORION), KI
standard titrant
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Method
A method for the precipitation of the compound LiFeKIO6 was first published by
Currie et. al (1997), however some modifications were made to this approach to
ensure reproducibility for this particular application. The global reaction used for
the precipitation of LiFeKIO6 using Li standards is given by
KIO4 + FeCl3 · 6H2O + (33.3)KOH + xLiCl + 2xLiOH 75
◦C
–––––––→
20min
3xLiFeKIO6 + by product solution (3.8)
where x is a small number (roughly 130). The purpose of using such a large excess
of starting reagents is to guarantee that all of the lithium present precipitates as
LiKFeIO6. Trial and error also dictated that a large amount of KOH was necessary
to produce consistent results. The 2:1 ratio of LiOH:LiCl was chosen as this matched
the starting reagent composition of one of the aforementioned synthesis methods of
Li3OCl. Additionally, the expected Li:Cl ratio (3:1) could easily be verified for the
standard solution.
Dissolution of the LiKFeIO6 compound in dilute H2SO4 yields the IO
5–
6 ion in
solution, which can be converted to I–3 by adding I
–. The I–3 can either be titrated
with standard Na2S2O3 solution (iodometric method), or a KI standard can be used
as the titrant to monitor I–3 conversion potentiometrically. The following subsection
outlines the detailed procedure of our synthesis and titration methods.
Procedure
In a 1 liter volumetric flask, we placed 6.9 grams of KIO4 and 8.1 grams of FeCl3·6H2O
in 200 mL of deionized H2O. In a separate Erlenmeyer flask, we dissolved 56.0 grams
(approximately 1 mole) of KOH in 200 mL of deionized H2O and cooled that solution
to room temperature using an ice bath. Once cooled, the KOH solution was added
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to the 1 liter volumetric flask containing the KIO4 and FeCl3 · 6H2O mixture. The
volumetric flask was then made up to the mark and the solution mixed until complete
dissolution of the potassium periodate and iron chloride hexahydrate was observed.
This serves as the K2FeIO6 stock solution for the calibration standards.
A calibration stock solution of lithium standard was made by dissolving 3.5321
grams of anhydrous LiCl (Sigma-Aldrich, >99.9% purity) and 3.9924 grams of
anhydrous LiOH (Alfa-Aesar, >99.9 % purity) in 250 mL aqueous solution; again
these masses were chosen so that the molar ratio of LiOH:LiCL was 2:1, and so that
1 mL of solution equated to approximately 1 mmol of Li. In separate Erlenmeyer
flasks, 100 mL aliquots of K2FeIO6 stock solution were added to 100 mL deionized
H2O. Aliquots of the lithium standard solution ranging from 0.1 mL to 1 mL were
then added to each flask, and the flasks were subsequently placed in a temperature
controlled water bath at 75◦C for 20 minutes.
After digesting for 20 minutes, the LiKFeIO6 precipitate was isolated and washed
using a Bu¨chner funnel and filtration flask; the filtrate was discarded. Using dilute
H2SO4 (approximately 0.5 M), LiKFeIO6 was fully dissolved in the Bu¨chner funnel.
A clean filtration flask was used to collect the LiKFeIO6 solution. The funnel was
washed again with dilute H2SO4 and finally with deionized H2O to ensure all of the
sample was collected. Approximately 1.5 grams of EDTA was added to mask the
Fe3+ ion in solution.
From here, one of the two possible methods mentioned above was used for
establishing an accurate calibration. Both methods are very reliable, however a higher
accuracy is achieved using the potentiometric method. Also, an automatic titrator
(Mettler Toledo) for the potentiometric method was used which minimized both time
and human error. In chapter 4, calibration curves and derived results of measured
samples will be presented.
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3.4 Electrochemical Impedance Spectroscopy
The EIS equipment used in testing the lithium-rich antiperovskites consisted of
testing cells, impedance analyzers, temperature controllers, thermocouples, furnaces,
sputter coaters and/or thermal evaporators. For these experiments, cells for EIS
were designed and fabricated in house and other equipment was obtained through
commercial vendors. In addition, an atmosphere control vessel was also developed
so that multiple samples could simultaneously be measured under a variety of
experimental conditions.
The atmospheric control vessel and conductivity cells were designed to suit specific
experimental needs. As the studied materials are solid electrolytes with potential
battery applications, it is ideal to test the materials under conditions in which they
might be used. In this case, the desired temperature range was 25◦C to 150◦C at
atmospheric pressure, which made operations reasonably feasible from a materials
perspective. In cases where higher temperatures were desired, materials such as teflon
and other plastics had to be avoided.
Over the course of the project, two cells were designed: one to fit a multi-
sample arrangement and one for high frequency measurements. For the multi-
sample measurement system, up to three samples could be measured simultaneously
under vacuum or gas environments at temperatures up to 400 ◦C. The major
drawback of this setup is experiment preparation (time consuming) and lead length
(parasitic inductance contaminates impedance spectra at higher frequencies). The
high frequency cell has the advantage of very clean data collection at high frequencies
and rapid sample loading and unloading, as well as the ability to test moisture
sensitive materials outside of a protective environment with the use of a sealed coin
cell. The major drawback is the temperature limitation (∼ 200◦C) due to teflon
components (electrical insulation).
The major components of the multi-sample apparatus consist of three aluminum
45
housed cells (which may be used individually if desired) complete with copper
electrodes, quartz/alumina insulators, a reinforcement pin and spring, along with
an environmental control housing. The housing made of a stainless steel vacuum
tube, with one flange fitted for BNC, thermocouple, and heater feedthrough wires.
An aluminum block is used for cell mounting and heat transfer. FIGURES 3.13 and
3.12 show the components of the multi-sample apparatus.
For the high frequency cell, the primary goal was to minimize lead length and
use exclusively BNC cable and connectors to shield external electromagnetic fields as
this will give very clean data at high frequencies. The cell was also made relatively
small in order to expedite heating and cooling. The major components of this cell
are brass support/heating discs, copper electrodes, 150 Watt cartrige heaters and
BNC connectors on each side. For heating, a control thermocouple (type K) was
placed near the sample and the entire cell was place inside of an alumina sleeve
insulated with quartz wool. FIGURE 3.14 shows the details of the high frequency
cell, and A.5 shows the insulated cell connected to an impedance analyzer instrument.
Appendix 5 contains the details of all of the components and dimensions of the cells
and environmental control vessel.
(a) (b)
FIGURE 3.12: (a) Labelled schematic of cell (b) photograph of cell
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(a) (b)
FIGURE 3.13: (a) 3-D rendering of vessel (b) photograph of vessel
Two types of impedance analyzer instruments were used in the collection of EIS
data of the lithium-rich antiperovskites synthesized for this project. They are the
Hewlett Packard 4194 impedance/gain-phase analyzer and the HIOKI 3532-50 LCR
meter. Both were automated to scan the maximal frequency range, collecting the
impedance and phase at each specified frequency. The HP instrument has a frequency
range of 100 Hz to 40 MHz, and the HIOKI instrument has a range of 40 Hz to 5
MHz. The HP instrument was preferred as many more data points may be collected
in a shorter amount of time, although this instrument was not always accessible.
When performing EIS experiments, it is desirable to use as low a voltage amplitude
as possible so that linear AC circuit theory may be applied to the data (a linear
relationship between voltage and current) and to ensure that no electrochemical
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(a)
(b) (c)
FIGURE 3.14: (a) Labelled schematic of cell (b) photograph of connected cell; one
screw removed for viewing clarity (c) perspective rendering of cell
reactions or sample decomposition occur.
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FIGURE 3.15: Experimental setup using the high frequency cell. An alumina sleeve
and quartz wool are used to insulate the cell for temperature stability and heat loss
minimization.
3.5 Inelastic Neutron Scattering
The concept of INS is based on a neutron energy loss event, the energy loss being
equal to a vibrational energy level difference in the sample under test. The scattered
neutron excites a particular vibration while simultaneously losing the corresponding
amount of energy. Therefore, the energy difference between the incident neutron
and scattered neutron is equal to the vibrational energy absorbed. While there
are several different geometries and setups around the world, the Filter Difference
Spectrometer (FDS) at the Lujan Neutron Scattering Center at Los Alamos National
Laboratory was used to study several samples in this project (see 3.18). Using low-
energy beryllium band-pass filters between the sample and detector, the energy loss
can be determined. The filters allow only neutrons of a given energy to reach the
detector. This instrument exploits the time-of-flight principle in which the neutron
energy is determined by the time it takes to travel from sample to detector. The
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FIGURE 3.16: A photo of the two impedance analyzers used in this project. The top
instrument is the HIOKI 3235-50 LCR meter, the larger instrument in the middle is
an HP 4194 impedance/gain-phase analyzer.
FIGURE 3.17: EIS setup using a tube furnace with Ar atmosphere. The cell in
FIGURE 3.12 was used for EIS measurements.
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FIGURE 3.18: Instrumental schematic for the FDS beamline
FIGURE 3.19: Photo of FTIR spectrometer used in this project.
goal for this project was to see if phonons played any significant role in lithium-ion
transport within the lattice. Simultaneous EIS and INS was performed to see how a
dynamic electric field affected the phonon density of states.
3.6 Fourier Transform Infrared Spectroscopy
As mentioned in chapter 2, FTIR spectroscopy was used primarily to determine
the presence of both H2O (adsorbed) and OH (in the lattice). FIGURE 3.19 shows
a photo of the FTIR spectrometer (Thermo Nicolet Nexus 670) used in this project.
Samples were quickly placed on the diamond window and pressed firmly with the
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anvil to avoid any moisture contamination during the measurement.
3.7 Sample Preparation
Samples were prepared both for x-ray diffraction measurements and EIS measure-
ments. As samples are highly sensitive to moisture, most of the sample handling and
preparation was performed in a dry box (argon or helium). For x-ray measurements
using the medium temperature stage (vacuum environment), slides were loaded in
the glove box and transferred to the instrument in airtight containers. If using a
conventional stage, parafilm was stretched over the sample inside the glove box to
protect the sample during measurement.
For EIS measurements, samples were typically prepared in one of two ways. Either
the samples were formed into disc-shaped pellets using either a 10 or 13 mm steel
die, or they were melted and poured into a cylindrical mold, allowed to slow cool
and subsequently polished so that a uniform disc remained. Melting was achieved
with Al2O3 crucibles and a hot plate, and a Micropol MC 2 micropolisher was used
for polishing. Pressed pellets were annealed (typically at 100 ◦C under 100 MPa
pressure) to enhance structural integrity. A hydraulic press and a band heater (with
thermocouple and temperature controller) were used to simultaneously press and heat
the pellets. The below figures show photos of the EIS sample preparation tools used
in this project. All of these sample preparation operations were performed inside of a
dry glove box (either Vacuum Atmospheres Company or Braun). After successful
formation of sample pellets, typically Au electrodes were sputter coated (Cressington
108, Ted Pella) on either side for both good electrical contact and chemical inertness
between the electrode and the sample. In a couple of cases, lithium electrodes were
deposited using a thermal evaporator (MTI corporation). FIGURES 3.25 and 3.26
show photos of the sputter coater and thermal evaporator. After depositing electrodes
on the sample pellets, they were either placed directly inside of a test cell between
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FIGURE 3.20: Dies used to press pellets of LiRAPs
FIGURE 3.21: Hydraulic press used to press sample pellets inside glove box
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FIGURE 3.22: Components used in pellet melting/molding operations
FIGURE 3.23: Dry glove box used for EIS sample preparation.
FIGURE 3.24: Micropol MC 2 micropolisher used for polishing melted pellets
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FIGURE 3.25: Sputter coater used to deposit Au electrodes on sample pellet surfaces.
copper electrodes, or they were crimped inside of a 2032 coin cell.
55
FIGURE 3.26: Thermal evaporator used to deposit Li electrodes on sample pellet
surfaces.
FIGURE 3.27: Schematic arrangement of coin cell setup for EIS measurements.
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CHAPTER 4
RESULTS AND ANALYSIS
In this chapter the results from x-ray diffraction, chemical analysis, EIS, FTIR,
DSC, TGA and INS studies will be presented. For the EIS studies the corresponding
derived ionic conductivities will be plotted with activation energies for both grain
interior and grain boundary contributions. Full results will be shown only for samples
where there was an apparently successful synthesis i.e. where XRD showed the
presence of a single phase; one exception is a Mg-doped sample where it appears more
than one phase is present. For INS, only results from one successful run (Li2(OH)Cl)
will be presented as other samples were contaminated with multiple phases at the
time of the run.
The pure phase samples that will be highlighted in this section are:
• Li3OCl
• Li2.90Ca0.05Cl0.68Br0.32
• Li2.85Mg0.05Cl
• Li2(OH)Cl
• Li2(OH)Br
• Li2(OH)Cl0.25Br0.75
• Li2(OH)Cl0.50Br0.50
• Li2(OH)Cl0.75Br0.25
Other results and compositions will also be touched upon as a means of completeness
and clarification as these were crucial steps in the learning process of these materials.
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FIGURE 4.1: Time and temperature profiles for Li3OCl syntheses. Times at the
lower temperature of 170 ◦C were varied to see how this affected the phase purity.
4.1 Li3OCl, Li2.90Ca0.05Cl0.68Br0.32, and Li2.85Mg0.05Cl
4.1.1 XRD results
For the parent compound, many synthesis routes, time and temperature variations
were used in order to obtain the pure Li3OCl compound. The first synthesis protocols
attempted did not yield pure Li3OCl, as these compounds were later found to
have hydrogen present in the lattice in the form of OH. Nevertheless, they were
characterized and will be mentioned at the end of this chapter. FIGURE 4.1 shows
a time and temperature profile used to synthesize three different samples of Li3OCl.
FIGURE 4.1 shows where times were varied and FIGURE 4.2 shows the XRD results
of these syntheses. The XRD results shown in FIGURE 4.2 strongly resemble that
of a psuedo-cubic perovskite structure. The labels 74a, 74b, and 74c represent a
synthesis number and time variation. While each synthesis result looks fairly clean,
sample 74b appears to be a single phase antiperovskite with a slight orthorhombic
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FIGURE 4.2: XRD patterns of 3 Li3OCl samples synthesized using different time
and temperature profiles shown in figure 4.1
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FIGURE 4.3: Perspective view of cubic Li3OCl structure.
distortion, evidenced by shoulders in several of the main diffraction peaks. Comparing
to known cubic perovskites, the main peaks of sample 74b can be indexed as a cubic
antiperovskite with space group Pm3¯m and lattice constant a = 3.905
◦
A. FIGURES
4.3 and 4.4 show renderings of the cubic Li3OCl structure with Li
+, O2–, and Cl– at
the 3c, 1a, and 1b Wycoff positions respectively.
Depending on the synthesis protocol for Li3OCl, the level of apparent structural
distortion in the compound varied. Performing a seemingly identical synthesis
procedure at times yielded different results according to XRD, and this unfortunately
was not able to be controlled. The ionic conductivity was apparently affected by
the distortion in the lattice. FIGURE 4.5 shows another x-ray result using the same
synthesis approach as that of sample 74b shown in FIGURE 4.1. By adjusting the
time at high temperature during the synthesis, an even greater distortion to the
structure is observed. FIGURE 4.6 shows a different time and temperature profile of
the parent compound Li3OCl. The XRD pattern is shown in FIGURE 4.7. There is a
significant level of distortion to the main diffraction peaks in this case, indicating that
a short heating time at high temperature results in a lower symmetry orthorhombic
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FIGURE 4.4: 100 axis view of cubic Li3OCl
FIGURE 4.5: XRD of Li3OCl using 74b synthesis protocol
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FIGURE 4.6: Time and temperature profile of Li3OCl synthesis, 75a.
structure. It will be shown in subsection 4.1.2 that the compound with such a large
amount of distortion has a very poor ionic conductivity compared to the pseudo-cubic
polymorph.
For the sample Li2.90Ca0.05OCl0.68Br0.32, the time and temperature synthesis
profile is shown in FIGURE 4.8 and the XRD results are shown in FIGURE 4.9. The
reason for the seemingly odd ratio of Cl/Br was due to limited resources (not enough
BnCl). Interestingly, the sample resulting from this synthesis was a pure phase cubic
antiperovskite (according to XRD) with space group Pm3¯m and lattice parameter
a = 4.554
◦
A. Ca2+ and Li+ occupy the 3c sites, while O and Cl occupy the 1a and 1b
sites respectively. The goal behind doping with a higher valency cation is to create
more lithium site vacancies, facilitating Li+ transport.
For the sample Li2.85Mg0.05OCl, the time and temperature profile are shown in
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FIGURE 4.7: XRD pattern of Li3OCl 75a. Note the large degree of distortion in the
main diffraction peaks.
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FIGURE 4.8: Time and temperature profile for the synthesis of
Li2.90Ca0.05OCl0.68Br0.32
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FIGURE 4.9: XRD results of Li2.90Ca0.05OCl0.68Br0.32.
FIGURE 4.10 and the XRD results are shown in FIGURE 4.11. It is assumed that
the result of this synthesis yielded more than one phase as there was no solution when
attempting to index all peaks. Indexing is shown for the cubic antiperovskite crystal
structure mentioned above. The contaminant phase(s) has not been determined.
4.1.2 Impedance Spectra, Ionic Conductivities and Activation Energies
For each of the compounds in this section, EIS data were collected as a function of
temperature. For each sample, the high frequency cell in conjunction with a sealed
2032 coin cell was used. Samples were ground and pressed at 100 MPa while being
heated at 100 ◦C for 12 hours. The goal was to ensure homogeneity and integrity
of the sample by pressing and annealing without causing any irreversible structural
phase transitions. After pressing and annealing, samples were coated with gold using
the sputter coater shown in FIGURE 3.25. In the case of the calcium-doped sample,
65
FIGURE 4.10: Time and temperature profile of Li2.85Mg0.05OCl synthesis
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FIGURE 4.11: XRD results of Li2.85Mg0.05OCl.
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a Li|electrolyte|Li cell was also tested; the thermal evaporator shown in FIGURE 3.26
was used to deposit the lithium metal.
The equivalent circuit model used to fit most of the data presented below consists
of two parallel RQ elements in series, where R is a resistance and Q is a constant phase
element.56 The constant phase element accounts for the depression of the semicircle,
due to a distribution of relaxation times. If the grain interior and grain boundary
responses have purely capacitive behaviors, the center of the semicircle will lie on the
abscissa. In reality however, there are a distribution of grain sizes and grain boundary
structures in a given sample. This manifests as multiple circles very closely spaced
together, resulting in a depressed semicircular arc, which is very common in the study
of ionic transport in ceramics. The key parameter of interest is the resistance of the
grain interiors and grain boundaries as this is the quantity used in the calculation of
the conductivities (see equation 2.8). FIGURE 4.12 shows the equivalent circuit and
the expressions for the real and imaginary parts of the impedances of such a system.
Using the equations for the real and imaginary parts, and the measured parametric
plot, one can fit the data to these equations and derive the resistances, and hence the
conductivities.
The impedance spectra of sample 74b (see FIGURE 4.13) show a small grain
interior arc and a very large grain boundary arc. A parallel RQ element was fit
4.2 Li2(OH)Cl1–xBrx and Other Hydroxide-based Samples
4.2.1 XRD results
Here the XRD results for the Li2(OH)Cl1–xBrx compounds are presented. The
Li2(OH)Cl1–xBrx compounds are very closely related to the Li3OCl parent compound
possessing the cubic antiperovskite crystal structure. The major difference is that the
presence of H (in the form of an OH group) naturally requires (by charge conservation)
that one less lithium atom be present at a 3c site, thereby leaving a vacancy. In turn,
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FIGURE 4.12: The equivalent circuit model used to fit a two-circle impedance
spectrum. Each RQ element corresponds to the grain interior and grain boundary
contributions.
(a) (b)
FIGURE 4.13: EIS spectra of sample 74b showing two zoom levels. The red semi-
circle is a fit to the high frequency impedance arc for the 45 ◦C spectrum.
each unit cell has two lithium atoms instead of three, and instead of a double valency
oxygen anion at the octahedral center, there is an OH– anion. Presumably this
will have an effect on ionic conductivity76 as this results in an increase in vacancy
concentration and to a significantly lowered electrostatic force between the 1a site
anion and 3c site mobile cation (O2– → OH–).
The compounds Li2(OH)Cl and Li2(OH)Br have previously been studied by
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FIGURE 4.14: Room temperature measurement of a second Li3OCl sample using
74b synthesis protocol. Note the high frequency grain interior impedance arc in the
inset plot.
FIGURE 4.15: Derived ionic conductivities versus inverse temperature for Li3OCl
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FIGURE 4.16: σT versus inverse temperature for Li3OCl. The derived activation
energy is shown in the figure.
FIGURE 4.17: EIS spectra of Li3OCl, 75a. The room temperature impedance of
the sample is beyond the instrumental capability. Only at high temperature can the
impedance arc be seen, and the conductivity is drastically low at ∼ 10–6 S/cm at 150
◦C.
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FIGURE 4.18: EIS spectra of Li2.90Ca0.05OCl0.68Br0.32 showing various zoom levels.
At high frequencies, the small arc due to the grain interior contribution to the
impedance is resolved.
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FIGURE 4.19: EIS spectra of Li2.90Ca0.05OCl0.68Br0.32 with Li electrodes showing
various zoom levels. At high frequencies, the small arc due to the grain interior
contribution to the impedance is resolved. At low frequencies, the third arc due to
the electrolyte-electrode interface is also observed.
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FIGURE 4.20: Derived ionic conductivities versus inverse temperature for
Li2.90Ca0.05OCl0.68Br0.32. Lines are shown as guides to the eye.
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FIGURE 4.21: σT versus inverse temperature for Li3OCl. The derived activation
energy is shown in the figure along with the linear least squares fit line.
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FIGURE 4.22: EIS spectra of Li2.85Mg0.05OCl showing various zoom levels.
FIGURE 4.23: Derived total ionic conductivities versus inverse temperature for
Li2.85Mg0.05OCl. Lines are shown as guides to the eye.
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FIGURE 4.24: σT versus inverse temperature for Li2.85Mg0.05OCl. The derived
activation energy and linear least squares fit line is shown in the figure.
Schwering et al (2003), but the Cl/Br mixed compounds are first reported in this work.
The compound Li2(OH)Cl belongs to the orthorhombic space group Amm2 with unit
cell dimensions a = 3.822
◦
A, b = 7.997
◦
A, and c = 7.739
◦
A. Shown in FIGURES 4.25
and 4.26 are the XRD patterns as a function of mixing parameter x and the lattice
parameter a versus mixing parameter x. It can be seen that the XRD pattern for
Li2(OH)Cl0.90Br0.10 (x=0.10) reflects that of a cubic structure with antiperovskite
symmetry. For all higher values of x, the cubic symmetry is retained. It is also possible
that even smaller amounts of Br will stabilize the cubic structure, however this was
not attempted. Additionally, the lattice parameter a and the mixing parameter x
have a linear relationship obeying Vegard’s Law77 for compounds possessing cubic
symmetry (x ≥ 0.10).
4.2.2 Impedance Spectra, Ionic Conductivities and Activation Energies
In this section, the EIS, conductivity, and activation energy results from the antiper-
ovskites belonging to the family Li2(OH)Cl1–xBrx will be presented. Additionally,
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FIGURE 4.25: XRD patterns of compounds Li2(OH)Cl1–xBrx. Indexing is for the
cubic unit cell with space group Pm3¯m. Only the pure Cl endmember compound
possesses a non-cubic symmetry.
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FIGURE 4.26: Cubic lattice parameter a as a function of mixing x. With as little
as x=0.10 the cubic structure is stabilized, and the relationship between lattice
parameter and mixing obeys Vegard’s law.
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results from two other hydroxide-based compounds will be presented as these were the
first materials thought to be the lithium-rich antiperovskite Li3OCl coming from the
reaction of equation 3.2. Sample preparation consisted of either melting or pressing
pellets and subsequently annealing them under argon gas at 200 ◦C. In each case,
gold electrodes were sputter coated onto the sample surface. One of the two cells
mentioned in chapter 3 were used to test each sample. In cases where the high
frequency cell was used, a 2032 coin cell was employed to encapsulate the sample for
testing outside of a glovebox or gas-filled furnace. It will be noted which cell and
experimental setup was used to collect the data in the figures below.
FIGURES 4.27 and 4.28 show impedance spectra for two different samples of
Li2(OH)Cl collected at different times. Both samples were 10 mm diameter pressed
pellets that were heated at 200 ◦C for roughly 24 hours. The data in FIGURE 4.27
was collected with a HP 4194 impedance analyzer using the high frequency cell setup
(refer to FIGURES 3.14 and A.5). The sample was coated with gold and crimped
inside of a 2032 coin cell using the arrangement shown in FIGURE 3.27. For the data
shown in FIGURE 4.28, the aluminum-bodied cell was used in conjunction with the
tube furnace setup (refer to FIGURES 3.12 and 3.17).
4.2.3 INS Results
In this section the results from an INS experiment of the sample Li2(OH)Cl will be
presented and discussed. The goals of this study were to look at the phonon density of
states of the antiperovskite, and to see if the distribution is affected by the application
of an external AC signal. The primary reason to perform this experiment is to see
firstly if phonons play a role in ionic transport, and if so, which ones. Typically large
amplitude vibrations will inhibit ionic transport in that direction, as the ions will
take the path of least resistance. Therefore, phonon softening upon signal application
would indicate which pathways the Li+ ions would most likely take in hopping to and
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FIGURE 4.27: EIS spectra of Li2(OH)Cl, pressed and annealed pellet showing various
zoom levels. The instrument used was an HP 4194 impedance analyzer; the high
frequency cell was used in data collection. The grain interior and grain boundary
arcs are resolved.
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FIGURE 4.28: EIS spectra of Li2(OH)Cl at various temperatures. Only 1 impedance
arc can be observed due to instrumental limitations. Data was collected with a
HIOKI 3532-50 LCR meter. The aluminum bodied cell was used for impedance
measurements, a tube furnace with argon gas flow was used to heat the sample.
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FIGURE 4.29: Ionic conductivity of Li2(OH)Cl as a function of temperature for both
the grain interior and grain boundary.
FIGURE 4.30: σT vs 1000/T for Li2(OH)Cl. The activation energies are shown in
the plot.
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FIGURE 4.31: EIS spectra of Li2(OH)Br, pressed and annealed pellet showing various
zoom levels. Note the overlapping of the grain interior and grain boundary arcs.
FIGURE 4.32: Ionic conductivity of Li2(OH)Br as a function of temperature for both
the grain interior and grain boundary.
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FIGURE 4.33: σT vs 1000/T of Li2(OH)Br for both the grain interior and grain
boundary. The activation energies are equivalent for both the grain interior and grain
boundary contributions.
FIGURE 4.34: EIS spectra of Li2(OH)Cl0.75Br0.25, pressed and annealed pellet. Note
the overlapping of the grain interior and grain boundary arcs.
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FIGURE 4.35: Ionic conductivity vs 1000/T of Li2(OH)Cl0.75Br0.25 for both the
grain interior and grain boundary.
FIGURE 4.36: σT vs 1000/T of Li2(OH)Cl0.75Br0.25. Activation energies are shown
in the plot.
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FIGURE 4.37: EIS spectra of Li2(OH)Cl0.50Br0.50, pressed and annealed pellet
showing various zoom levels. Note the significant difference of the grain interior
and grain boundary contribution to the impedance.
FIGURE 4.38: Ionic conductivity vs 1000/T of Li2(OH)Cl0.5Br0.5 for both the grain
interior and grain boundary.
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FIGURE 4.39: σT vs 1000/T of Li2(OH)Cl0.5Br0.5 for both the grain interior and
grain boundary. The activation energies are shown in the plot.
FIGURE 4.40: EIS spectra of Li2(OH)Cl0.25Br0.75, pressed and annealed pellet
showing various zoom levels. Note the clear resolution of the grain interior and grain
boundary arcs.
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FIGURE 4.41: Ionic conductivity vs 1000/T of Li2(OH)Cl0.25Br0.75. Note the
small difference in ionic conductivity for both the grain interior and grain boundary
contributions.
FIGURE 4.42: σT vs 1000/T of Li2(OH)Cl0.25Br0.75. The activation energies for
both the grain interior and grain boundary contributions are equivalent.
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from lattice sites.
Data was collected at the FDS beamline at the Lujan Neutron Scattering Center
using the conductivity cell shown in FIGURE 3.12. A background spectrum was
collected with an empty cell so this could be subtracted, and only the contribution
from the sample could be measured. An impedance spectrum was collected after
placing the cell in the beam to ensure that the system was behaving as expected
(contacts, signal, etc) using the HIOKI instrument. FIGURES 4.43, 4.43, 4.43, and
4.43 show the phonon spectrum of Li2(OH)Cl for four different wavenumber ranges
at 100 ◦oC. Each graph shows the result for no field and for an applied field of 1V
amplitude at 400 Hz. The reason such a relatively large voltage was applied was
to amplify any effects due to an AC field, and to minimize any possible interference
as the wire leads were not shielded. The higher temperature ensures good physical
contact between electrodes and electrolyte. Also, the frequency was chosen to match
the resonance frequency of the sample (this occurs when –X is a maximum).
It is apparent that an alternating AC field has a large effect on the phonon
spectrum of the electrolyte. Many of the peaks shift, broaden, wash together, and
some modes are severely suppressed or even disappear. It is assumed that these
softened phonons mostly responsible for lithium ion transport within the lattice, as
the amplitude of vibration is greatly diminished or even vanished. Unfortunately, a
theoretical model for the phonon density of states is not yet available, so assigning
which modes are responsible is not possible. From this data, however, one can
qualitatively assert that the phononic behavior of this material has a significant
correlation to the ionic transport properties. It is interesting to note that most
theoretical calculations on ionic transport mechanisms do not account for phonons,
however this experiment shows that there may be a significant dependence of transport
on the phonon spectrum.
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FIGURE 4.43: Measured phonon density of states of Li2(OH)Cl, 50 ≤ ν ≤ 200 cm–1.
FIGURE 4.44: Measured phonon density of states of Li2(OH)Cl, 50 ≤ ν ≤ 200 cm–1.
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FIGURE 4.45: Measured phonon density of states of Li2(OH)Cl, 50 ≤ ν ≤ 200 cm–1.
FIGURE 4.46: Measured phonon density of states of Li2(OH)Cl, 50 ≤ ν ≤ 200 cm–1.
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4.3 Chemical Analysis
In this section the results of chemical analysis of the parent compound Li3OCl
and the two hydroxide samples Li2(OH)Cl and Li2(OH)Br will be presented. As
mentioned in section 3.3, lithium was determined indirectly by a novel method
exploiting the precipitation of the compound LiKFeIO6 and determining iodine.
Chlorine and bromine were determined using traditional potentiometric titrations
using AgCl and AgBr precipitates, and oxygen was determined using an acid-base
titration with a pH meter. Qualitatively, the presence of OH can be easily detected
with the use of FTIR spectroscopy. FIGURE 4.47 shows an FTIR spectrum of
pure LiOH, and the OH stretch can be seen very prominently. In the Li2(OH)X
samples, the OH stretch occurs at a similar energy, as seen by FIGURE 4.48. As
the antiperovskites are very hygroscopic, atmospheric H2O adsorbs readily and can
also be seen in the FTIR spectrum, which further confirms the necessity to keep
these materials in a dry atmosphere at all times. FIGURES 4.49 and 4.50 show the
FTIR spectra of Li3OCl and Li2.90Ca0.05OCl0.68Br0.32 synthesized using the butyly
diglyme synthesis method. As can be seen, there is no presence of OH in the lattice.
Additionally, there is no presence of leftover organic solvent from the synthesis.
Using the method describe in section 3.3.3, calibration curves were made using
standard solutions of known concentrations of lithium (a mixture of LiOH and LiCl
were dissolved in deionized H2O in a 1 liter volumetric flask). Presented in FIGURES
4.51 and 4.52 are two typical calibration curves constructed from the equivalence
volumes of the titrations involving Li standards. FIGURE 4.51 shows a plot pertaining
to calibration points obtained using a traditional iodometric approach, FIGURE 4.52
showing the result obtained using the potentiometric method. Both methods prove
to be highly reliable, as can be seen from the quality of the linear fit to the data in
each case. The main sources of error come from the determination of the equivalence
volume, the quality of the Li standards used, and the inherent experimental errors
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FIGURE 4.47: FTIR spectrum of dry LiOH powder. The OH stretch shows up very
strongly at roughly 3600 cm–1.
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FIGURE 4.48: FTIR spectrum of Li2(OH)Cl powder. The OH stretch is observed
at 3600 cm–1. Adsorbed H2O can also be seen (H-O-H stretch) as the spectrum was
collected in air, and these materials are extremely hygroscopic.
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FIGURE 4.49: FTIR spectrum of Li3OCl powder. There is no observable presence
of OH in the lattice.
96
FIGURE 4.50: FTIR spectrum of Li2.90Ca0.05OCl0.68Br0.32 powder. There is no
observable presence of OH in the lattice.
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of iodometry such as atmospheric oxidation and light exposure . The concentration
of the titrant would be a much more significant source of error if a calibration curve
was not employed; this source of error is essentially eliminated by this approach.
Each data point is assumed to have the same absolute error, therefore the fits can
be done with unit weights. For the standard iodometric approach, the error in the
equivalence volume is roughly ± 0.05mL. For the potentiometric titrations, the error
is ± 0.0025mL. Values and errors on the y-intercepts, which are theoretically zero,
are displayed in the graphs to demonstrate the accuracy of the methods presented.
FIGURE 4.51: Shown here is a calibration curve using 0.075 M Na2S2O3 solution as
the titrant. The error on the slope is 1.7%.
For the Cl/Br and O determinations, more conventional potentiometric or acid-
base titrations were used. FIGURES 4.53, 4.54, and 4.55 show typical raw titration
data and the first and second derivatives of the raw data. The equivalence volume is
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FIGURE 4.52: Shown here is a calibration curve using 0.75 M KI solution as the
titrant. The error on the slope is less than 0.5%.
determined by the inflection point of the raw titration data, which can be accurately
calculated using the point where the second derivative curve intersects the abscissa.
Typically, a small amount of sample (roughly 0.2500 grams) was dissolved in
deionized H2O in a 10 ml volumetric flask. Aliquots were taken for each type of
determination. For example, the formula weight for Li3OCl is 72.27 g/mol. A
0.2500 gram of sample gives 10.38 mmol lithium, 3.459 mmol oxygen, 3.459 mmol
chlorine. Lithium determination calibration curves ranged from 0.1 to 1 mmol of
lithium, therefore a 0.5 ml aliquot of the 10 ml sample solution for this determination
should fall somewhere near the middle of the calibration range. 0.0750 M AgNO3
standard solutions were used to determine Cl or Br (precipitation of AgCl or AgBr),
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FIGURE 4.53: Raw data from a typical titration.
so a 3 ml aliquot of sample solution will have an equivalence volume of AgNO3 solution
of roughly 6 ml. 0.500 M HCl solution was used to determine oxygen (through the
formation of OH–), so a 3 ml aliquot of sample solution would consume roughly 4 ml
of 0.500 M HCl solution (two OH– ions form per Li3OCl formula unit-see equation
3.6).
Tables 4.1 and 4.2 show the chemical analysis results for the sample Li3OCl,
Li2(OH)Cl, and Li2(OH)Br. Table 4.1 shows the mass (in milligrams) of each element
found for each gram of sample, and table 4.2 shows the number of millimoles found
per gram of sample. The total mass should add up to 1.000 grams. As can be
seen, for Li3OCl the mass is slightly under determined, which is mostly likely due
to trace amounts of solvent from the synthesis. For Li2(OH)Cl and Li2(OH)Br, the
total masses are as expected within experimental error. Each compound also has the
expected stoichiometry based on the molar ratios (see tables 4.3, 4.4, and 4.5) within
experimental error.
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FIGURE 4.54: The first derivative of raw titration data.
TABLE 4.1: Chemical Analysis Results 1
Sample mg Li/g sample mg O or OH/g sample mg Cl or Br/g sample
Li3OCl 283 218 479
Li2(OH)Cl 208 255 535
Li2(OH)Br 126 151 727
4.4 DSC and TGA Results
DSC and TGA were performed for the Li3OCl parent compound and for the
synthesis using the hydroxide method given by equation 3.2. DSC and TGA can give
valuable insight on how a material behaves upon heating and cooling, and on reaction
kinetics. The conditions for the results presented below consisted of a protective Ar
gas atmosphere and a 10 ◦C/min scan rate. Al2O3 crucibles with lids were used.
The purpose of the experiment for the hydroxide synthesis compound was to
TABLE 4.2: Chemical Analysis Results 2
Sample mmol Li/g sample mmol O or OH/g sample mmol Cl or Br/g sample
Li3OCl 40.8 13.6 13.5
Li2(OH)Cl 29.9 15.0 15.1
Li2(OH)Br 18.2 8.89 9.10
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FIGURE 4.55: The second derivative of raw titration data.
TABLE 4.3: Molar ratios for Li3OCl
Sample Li:O Li:Cl O:Cl
Li3OCl 3.00 3.02 1.01
confirm or negate the validity of the proposed reaction. According to the equation
3.2, a large fraction of the total mass should be lost during the synthesis in the form of
H2O. This mass fraction is the ratio of H2O to Li3OCl+H2O which is approximately
18
90 = 0.20, or 20%. Looking at the TGA results (FIGURE 4.56), one can see that a
very small amount of mass is lost upon heating and cooling, roughly 3%. This is a
clear indication that the reaction does not proceed as described in equation 3.2, and
that the mass lost is likely due to adsorbed water on the starting materials as they
are both hygroscopic and were not dried prior to the experiment.
DSC and TGA were performed on Li3OCl to see if any mass is lost during the
heating process (possible decomposition or volatile product sublimation), and to see
TABLE 4.4: Molar ratios for Li2(OH)Cl
Sample Li:OH Li:Cl OH:Cl
Li2(OH)Cl 1.99 1.98 0.99
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TABLE 4.5: Molar ratios for Li2(OH)Br
Sample Li:OH Li:Br OH:Br
Li2(OH)Br 2.05 2.00 0.98
FIGURE 4.56: Mass loss curve of 2LiOH + 1LiCl. The expected amount of mass loss
from this experiment is far greater than measured, indicating the reaction does not
proceed as desired.
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FIGURE 4.57: DSC curve of 2LiOH + 1LiCl. There is a clean melting point
endotherm at 275 ◦C as expected from the binary phase diagram of LiOH and LiCl.
The exothermic peaks correspond to the recrystallization process.
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if any structural phase changes or decomposition occurred. The mass loss curve
indicates that no significant amount of mass is lost upon heating (less than a 0.2%
change, which is within instrumental error). The DSC heating and cooling curves
also show that there is no obvious phase transition before the melt and after the
recrystallization, as this typically manifests as an exothermic or endothermic peak.
It is possible that this material does transform to a truly cubic structure at high
temperatures, but neither DSC nor EIS showed any obvious indication of this. XRD
as a function of temperature would likely give the answer to this question, however
time did not permit the execution of this experiment. In addition, the fact that there is
no apparent jump in ionic conductivity for this material over the studied temperature
range indicates that understanding the possible phase change phenomenon is not
crucial to the performance or application of the electrolyte. If, however, the cubic
phase of Li3OCl showed a significantly higher ionic conductivity, it would be worth
attempting to stabilize this structure at lower temperatures.
4.5 Miscellaneous Results
In this section results from syntheses that were deemed ”unsuccessful” will be
presented and discussed as this will facilitate the understanding of the process to
synthesizing pure Li3OCl. Based on a previous result,
16 the synthesis route given
by equation 3.2 was assumed to give the pure endmember antiperovskite Li3OCl.
However, results from a chemical analysis, FTIR spectroscopy, and TGA left no doubt
that the sample contained hydrogen in the form of OH. Initially a Perkin Elmer series
III CHNO analyzer indicated that 2.3% of the sample was composed of hydrogen.
In conjunction with an acid-base titration of OH– in aqueous solution, and an FTIR
spectrum, it was confirmed that the reaction according to equation 3.2 does not occur
in that fashion. To check the amount of water (if any) that is released during this
reaction, a liquid N2 trap was set up at the end of the vacuum line to condense any
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FIGURE 4.58: Mass loss curve of Li3OCl from the butyl diglyme synthesis. No
significant mass is lost during the synthesis.
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FIGURE 4.59: DSC curve of Li3OCl upon heating. There is a clean endothermic
peak at 260 ◦C indicating the melting process.
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FIGURE 4.60: DSC curve of Li3OCl upon cooling. The exothermic peaks correspond
to the recrystallization process.
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moisture released from the synthesis. According to the equation, a large fraction
of mass should leave the synthesis in the form of H2O (roughly 20%), however the
liquid N2 trap caught only a very small (a fraction of a ml) amount of water, which
was most likely surface water adsorbed on the starting materials. According to the
TGA data (see section 4.4), only about a 3% mass change is observed. Chemical
analysis using the methods described above showed that the nominal stoichiometry
of the product was Li3(OH)2Cl, confirming that all of the starting hydrogen (in the
form of OH) is retained during the synthesis. Interestingly, the final product does
not contain any LiOH or LiCl (see XRD pattern in FIGURE 4.61). The resulting
XRD pattern is that of two-phase system: a cubic antiperovskite structure and that
resembling Li5(OH)3Cl2.
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Initially, as chemical analysis results possibly pointed to a deficiency in Li and Cl,
it was assumed that crystallographic shear planes may have formed in the material. In
many perovskites these planes form as a result of structural integrity loss due 1a site
deficiencies (fusing of octahedra). Therefore, LiCl was remelted with the Li3(OH)2Cl
sample in order to restore deficiencies at the 1a and 3c sites. The observation was
an increase in the cubic phase fraction and a decrease in the Li5(OH)3Cl2 phase (see
FIGURES 4.61 and 4.62). The compound with stoichiometry Li2.33(OH)1.33Cl gave
the best result, yielding a mostly pure cubic antiperovskite compound.
An EIS comparison between the two-phase system and the mostly pure phase was
performed to see how the conductivity was affected. Pellets were melted, polished
and coated according to the procedure outlined in section 3.7. The samples were
measured simultaneously so experimental conditions were identical. FIGURE 4.64
shows the room temperature results and FIGURE 4.65 shows the Arrhenius plot of
the two samples. A large increase (roughly a factor of 8) in ionic conductivity is
observed at room temperature, however the Arrhenius behavior does not change as
the slope of the line is the same for both samples. This does indicate however that the
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FIGURE 4.61: XRD pattern of Li3(OH)2Cl showing two phases.
pure phase sample is a much better ionic conductor than the two-phase system, which
is why so much focus was given to sample purity for the duration of this project.
Another interesting result came from that of a synthesis using the quaternary
ammonium salt synthesis approach (see section 3.1). This approach was used to
circumvent the issue of OH in the lattice, and initial XRD results were promising in
that a single cubic phase resulted from synthesis. FIGURE 4.66 shows XRD patterns
of the sample as synthesized and then cooled to –180 ◦C, then heated back to room
temperature. The medium/low temperature attachment to the x-ray instrument was
used in conjunction with a liquid N2 cold finger. The reason for cooling the sample was
to see if the material transforms to a lower symmetry structure as most perovskites
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FIGURE 4.62: XRD pattern of Li3(OH)2Cl remelted with LiCl.
have distinct structural phase transition sequences. As expected, the material does
have an obvious phase transition at low temperatures, and the x-ray pattern matches
that of the room temperature structure of Li2(OH)Cl, which is a orthorhombically
distorted antiperovskite. The distorted structure is maintained all the way up to 13
◦C, and returns to the cubic structure again at room temperature. Li2O can also be
seen forming upon cooling, and remains for the duration of the experiment. This is
an indication of thermodynamic instability of the sample.
Unfortunately, FTIR revealed that OH had formed and was incorporated into the
lattice, therefore no EIS investigations were made on this material. Most likely this
compound has a stoichiometry similar to that reported by Schwering et. al (2003)
with a chemical formula Li3 – x(OHxCl where x = 0.830, as it was shown that this
material also possesses the cubic antiperovskite structure.
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FIGURE 4.63: XRD patterns of Li3(OH)2Cl remelted with varying amounts of LiCl.
4.6 EIS Results Summary
Results from the highlighted samples will be compared in this section. The results
for room temperature ionic conductivity and activation energies are shown in table
4.67. The Li2(OH)Cl0.5Br0.5 compound has the highest room temperature grain
interior ionic conductivity at 2 x 10–5 S/cm, while the lowest activation energy for Li+
diffusion belongs to the parent compound Li3OCl. It does not seem that doping, at
least at these small levels has had a profound effect on ionic conductivity or activation
energy. In addition, there does not appear to be a correlation between the activation
energy and the ionic conductivity. For example, the Li2(OH)Cl0.5Br0.5 compound
has a higher grain boundary ionic conductivity than the grain interior, however the
activation energy is lower for the grain interior. For most other samples, this is not
the case, with the grain interior typically having a higher ionic conductivity for the
grain interior and correspondingly lower activation energy.
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FIGURE 4.64: EIS comparison of Li3(OH)2Cl and Li2.33(OH)1.33Cl at room
temperature. Only a single impedance arc could be resolved using the HIOKI
instrument.
113
FIGURE 4.65: Arrhenius plot comparison of Li3(OH)2Cl and Li2.33(OH)1.33Cl. Note
that ionic conductivities are roughly one order of magnitude higher for the pure phase
compound, but activation energies remain unchanged. These plots reflect the total
ionic conductivity as the grain interior and grain boudary arcs could not be resolved.
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FIGURE 4.66: XRD patterns of sample from QAS synthesis approach as a function
of temperature. The bottom spectrum is that of the sample directly recovered from
synthesis. The sample is cooled to -180 ◦C and heated back to room temperature
(top pattern).
FIGURE 4.67: Table comparing results of the various electrolytes.
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CHAPTER 5
DISCUSSION AND CONCLUSIONS
From the work presented in chapter 4 a fair number of definitive conclusions can
be drawn regarding the lithium-rich antiperovskites studied in this project. First
and foremost are the structural tendencies of most of these materials toward the
typical antiperovskite space group Pm3¯m even with relatively low tolerance factors
for the pure Cl endmember compound Li3OCl. Of course, the XRD patterns presented
in chapter 4 point toward a deviation from cubic symmetry, most likely to that of
orthorhombic unit cell. Most perovskites transform from a low symmetry to high
symmetry crystal structure at elevated temperatures, but in the case of Li3OCl,
neither EIS nor DSC show any indications of this. Structural phase transformations
manifest themselves as sudden changes in impedance response in EIS and peaks
or valleys (depending if the transition is endothermic or exothermic) in a DSC
measurement. If the transition is very subtle, then a more revealing experiment (such
as high temperature XRD) would need to be performed to identify the temperature
of the phase transition. In any case, it would not have a large effect on the ionic
conductivity properties of the material as evidenced by the data over the measured
temperature range.
The fact that the synthesis conditions for Li3OCl has such a dramatic effect
on structure and ionic conductivity is worth discussing. Clearly there is a strong
correlation between the cubic phase and higher ionic conductivity, which is shown
by comparing samples 74b and 75a. It is thus desirable to stabilize and isolate the
cubic phase for any potential application. Clearly the distorted structure impedes
the diffusion of Li+ through the bulk of the material, as this is also seen for the
case of the Mg-doped sample which has significantly lower ionic conductivity and
higher activation energy. While the transport mechanism is still unknown, one can
qualitatively assert that the ionic conductivity is heavily dependent on the crystal
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structure of the electrolyte.
The data on the sample collected from the QAS synthesis (see section 4.5) clearly
show the phase transition from cubic to orthorhombic, and it is highly likely that a
large decrease in ionic conductivity would occur upon lowering temperature as ionic
conduction is a thermally activated process, and the evidence from the samples 74b
and 75a show that the difference in ionic conductivity between the cubic and distorted
structures are very large. Thus the goal in synthesizing these antiperovskites would
be to stabilize the cubic structure at room temperature and below for a practical
application.
It is apparent that OH in the lattice has a stabilizing effect on the antiperovskites.
It was observed that heating the pure parent compound Li3OCl for extended periods
of time had a degrading effect on the material as it decomposes into Li2O and LiCl.
In the cases of Li2(OH)Cl and Li2(OH)Br, the crystal structures are retained after
melting and recrystallizing, a feature that the Li3OCl compound does not possess.
The mixed Cl/Br endmember compounds Li2(OH)Cl1–xBrx also have this property.
The decomposition of Li3OCl to Li2O and LiCl after heating above 150
◦C for
an extended period of time is highly detrimental to the ionic conductivity, which
would render this compound ineffective for practical battery applications at elevated
temperatures for extended periods of time. The decomposition also indicates that the
pure Li3OCl compound is a kinetic product, and will have a limited shelf life even at
room temperature. If there is any analog to the hydroxide based antiperovskites, it
is likely that Li3OBr would have a lower ionic conductivity, and suffer from a similar
decomposition phenomenon as well. The stability of the hydroxide-based materials
makes them attractive solid electrolyte candidates.
In regards to the parent structure, it is possible that this is a two phase system,
consisting of orthorhombic and cubic polymorphs. This would help to explain the
large spread in XRD results obtained from one synthesis to the next. It is possible
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that the cubic phase is the high ionic conducting phase, and the distorted phase
hinders ionic transport. This further hints at the necessity to synthesize and isolate
the pure cubic antiperovskite phase.
In a practical battery application, not just the grain interior but the grain
boundary impedance must be low enough to facilitate ionic transport across the bulk
of the electrolyte. An electrolyte possessing a high grain interior ionic conductivity
and low grain boundary ionic conductivity is not very useful as the limiting factor
is the total impedance imposed by the electrolyte. In some cases this is mediated
by making a composite electrolyte (mixing the electrolyte with LiI and Al2O3 are
common practices79,80) whereby the grain boundary contributions to the impedance
are significantly decreased by introducing a grain boundary defect structure. While
the mechanism of this enhancement is still under debate, it remains a valuable tool
in enhancing the functionality of the electrolyte for a real application. Another
circumvention to the grain boundary inhibiting properties is to make a single crystal
of the electrolyte, although this is generally very difficult in practice.
Several of the Li2(OH)Cl1–xBrx compounds have a smaller grain boundary
contribution to the total impedance than the grain interior. For these materials
mixing with an enhancing agent will likely not have a major impact on the
total ionic conductivity, as the enhancement is only observed for intergrain ionic
transport. Thus, any enhancement approaches for these materials should rely
on doping and substitution techniques to manipulate unit cell size and vacancy
concentrations. The most pertinent result from these compounds is that mixing
the halogen endmembers has a clearly beneficial effect on the ionic conductivity.
While the lowest ionic conductivity is observed in the pure Li2(OH)Br compound,
the 50:50 mixture Li2(OH)Cl0.50Br0.5 compound has nearly an order of magnitude
higher ionic conductivity. XRD results have shown that the unit cell parameter of
these compounds can be tuned by mixing of the Cl and Br b site anion, and it seems
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that the unit cell size may have an effect on the ionic conductivity. Another interesting
phenomenon with the hydroxide based samples are the similarities between the grain
interior and grain boundary impedances, as they are numerically close to each other
in most cases. The parent compound and the Ca-doped compound in contrast are
clearly limited by their grain boundary contributions.
Future work on these materials will be to experimentally determine the transport
mechanism and compare to the computational results.29,30 This will prove to be very
beneficial to future experimental work as it will provide a basis to the validity of the
theoretical models. By manipulating the crystal structure, either to a more ordered
or disordered state, diffusion pathways can be visualized and a solid theoretical
framework can be relied on to guide future syntheses and compositions.
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APPENDIX: Conductivity Cells and Environmental Control Vessel
In this appendix the design details and capability of the EIS experimental
apparatuses will be discussed. Specific details of the materials and dimensions will
be listed, and the functionality and validation of the devices will shown. A common
solid electrolyte, AgI, was tested in both the high frequency cell and the multi-sample
apparatus to ensure the competency of each.
A.1 Design and Fabrication
In this section, we list the raw materials and dimensions of each of the devices
mentioned above. Photos and schematics are shown to give the reader a detailed
understanding of the physical size and shape of each device. Depending on user
experimental needs, dimensions and materials may be easily adjusted.
A.1.1 High Frequency Cell
• Brass support discs (2)
– 2.00” diameter and 0.35” thickness.
– Central 0.30” hole for BNC feedthrough
– Four holes drilled and tapped to 5-40, 0.10” deep along a 0.36” radius to
accommodate a standard BNC female panel mount connector
– Six 0.15” holes drilled symmetrically along a 0.72” radius for support
screws
– Three 0.25” holes drilled along a 0.72” radius for cartridge heaters.
– Central recess 1.00” in diameter, 0.20” deep for teflon insulation/support
and copper electrode.
– Three holes drilled and tapped to 4-40 for heater support set screw
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• Copper electrodes (2)
– 0.90” diameter, 0.125” thickness
– Central hole, 0.09” diameter, 0.06” deep for BNC pin
– On one electrode, a 0.79” diameter, 0.03” deep recess for coin cell support
• Teflon insulators/separators (2)
– 0.97” outer diameter, 0.06” inner diameter, 0.12” thick
– Placed inside brass support recess for both electrical insulation and
electrode support
• Cell support screws and nuts (6 each)
– 6-32, 0.25” long screws with nuts
– lock washers if desired/necessary
• 150 Watt cartridge heaters (3)
– 0.25” diameter, 1.00” long cylindrical resistive heaters
– wired in parallel, DC power to avoid instrument noise
• Female BNC panel mount connectors (2)
• 5-40, 0.185” long BNC connector mount screws (4)
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(a)
(b) (c)
FIGURE A.1: (a) Labelled schematic of cell (b) photograph of connected cell; one
screw removed for viewing clarity (c) perspective rendering of cell
A.1.2 Mutli-Sample Apparatus
Conductivity Cell
• Aluminum Cap
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– 1.25” outer diameter, 1.00” in height
– Milled and tapped to 1-12 UNF, 0.88” deep
– Center hole drilled and tapped to 3/8-16 UNC for steel reinforcement pin
• Aluminum base
– 1.00” outer diameter, 0.77” inner diameter, 1.50” in height
– Threaded to 1-12 UNF, 0.63” in length
– 0.13” central hole for electrical lead feedthrough
• Copper electrodes (2)
– 0.49” in diameter, 0.25” in height
– top electrode has three 0.06” diameter, 0.22” deep holes-two for V+ and
I+, one for a type K thermocouple. Hole separation is 0.125”
– bottom electrode has 2 holes for V- and I-. Diameter and depth are the
same as for the top electrode.
– holes drilled and tapped to 4-40 along rim for 4-40 set screws for electrical
lead and thermocouple fastening (5)
• 4-40 set screws for electrical lead and thermocouple fastening (5)
• Quartz or alumina electrical insulator tube
– 0.75” outer diameter, 0.50” inner diameter, 1.25” long
• Quartz or alumina electrical insulator discs (2)
– 0.125”thick, 0.50” diameter
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– 0.125” thick slit cut along diameter for electrical lead and thermocouple
feedthrough,
• Steel reinforcement pin
– 3/8-16 UNC pin
– 0.13”hole drilled through for electrical lead and thermocouple feedthrough
• Support spring to ensure good electrode-sample contact
• 4-40 set screws to fasten electrical leads and thermocouple to electrode (3 for
thermocouple containing electrode, 2 for other electrode)
• High temperature electrical wire for electrical leads
• Brass female connector pins
• Type K thermocouple
Aluminum cap 
Aluminum base 
Copper electrodes 
Spring 
4-40 set screws 
Sample pellet 
Quartz/alumina 
 insulator tubing 
Steel reinforcement pin 
Quartz/alumina 
 insulation discs 
(a) (b)
FIGURE A.2: (a) Labelled schematic of cell (b) photograph of cell
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Environmental Control Vessel
• ISO LF straight tube and flanges
– 8.5” long, DN100LF flange straight tube
– DN100LF bottom flange
– DN100LF top flange
∗ Female BNC feeds for electrical contact between sample cells and
measuring instrument (12)
∗ Type K thermocouple feedthroughs for sample temperature measure-
ment (3)
∗ Type K thermocouple feedthrough for temperature control
∗ Electrical feedthrough for heater power
• Aluminum support/heating block
– Cylinder 3” in diameter and 3” in height
– Central hole drilled and tapped to 1/4-28 for block support
– Cell support holes (3)
∗ 1.26” diameter milled to 1.25” depth along a 0.815” radius; 1”
diameter drilled through
– side slits 0.075” in width for electrical leads coming from cell bottom
– holes drilled and tapped to 6-32 for cartridge heater support
• 4.50” long rod, threaded for 1/4-28 to attach aluminun support block to top
flange.
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• 150 Watt cartridge heaters (3)
– 0.25” diameter, 1.00” long cylindrical resistive heaters
– wired in parallel; AC or DC power is suitable
• silica insulation
– 1.00” thick, 3.75” diameter disc underneath aluminum support block
– 3.00” long, 3.75” outer diameter, 3.10” inner diameter insulating sleeve for
aluminum support block
It is important not to use the thermocouple attached to the electrode for temperature
control as signal interference will occur. Once the system is stable, a temperature
reading should be made using this thermocouple connected to a separate temperature
readout; the readout should then be turned off during a measurement to avoid signal
disturbance. When using this cell in conjunction with the environmental control
vessel, a separate control thermocouple is attached to the Al heating block, and the
agreement between sample thermocouple and control thermocouple is within 1◦C
A.2 Capability of Measurement Devices
To demonstrate the functionality of the high frequency cell and the multi-sample
apparatus, a common solid electroloyte, AgI, was chosen as there are considerable
amounts of data provided by other authors81,82 to compare to. FIGURE A.4 shows
a schematic diagram of the experimental setup for our EIS measurements. For each
test, pressed and annealed pellets of AgI (Acros Organics, > 99.99% purity) were
used; specifics for each experiment will be given in the subsections below.
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(a) (b)
FIGURE A.3: (a) 3-D rendering of vessel (b) photograph of vessel
(a) (b)
FIGURE A.4: EIS schematics for (a) multi-sample apparatus and (b) high frequency
cell
A.2.1 High Frequency Cell Test
A 1.02 mm thick, 13.00 mm diameter pellet was pressed at 5000 psi and annealed at
140 ◦C for 3 days. Au electrodes were sputtered onto each side using a Cressington
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108 sputter coater (see FIGURE 3.25). The pellet was sealed in a 2032 coin cell; a
spring washer and stainless steel spacer were used to ensure good electrical contact
at the electrodes of the coin cell (see FIGURE 3.27). Using an HP 4194 impedance
analyzer (100 Hz ≤ ν ≤ 40 MHz), we collected impedance spectra up to 140 ◦C,
just below the structural phase transition temperature of 147 ◦C. Short and open
circuit compensations were made using coin cells sealed with copper and teflon discs
respectively. FIGURE A.5 shows a photo of the experimental setup.
FIGURE A.5: Experimental setup using the high frequency cell. An alumina sleeve
and quartz wool are used to insulate the cell for temperature stability and heat loss
minimization.
Five impedance spectra were collected and the data is shown in FIGURE A.6a.
A single parallel R-Q element can be fit to the data where R is the resistance and
Q is a constant phase element (CPE).56 The ionic conductivity is calculated using
the relation σ = tRA , where t is the sample thickness, R is the resistance, and A is
the cross-sectional area. Using the Arrhenius equation σ = σ0T exp[
–Ea
kBT
], one can plot
log σT vs 1000T and fit a straight line to the data and derive the activation energy for
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Ag+ hopping within the lattice. The results are shown in FIGURE A.6b.
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FIGURE A.6: (a) EIS Spectra and (b) Ionic conductivity of AgI vs 1000/T
A.2.2 Multi-Sample Apparatus Test
Two pellets of AgI were measured using this apparatus. Both were 10.00 mm
thick, with thicknesses of 1.47 mm and 2.48 mm. The 2.48 mm pellet was not
annealed , and the 1.47 mm pellet was annealed at 125 ◦C for three weeks; all
other preparations were the same as for the coin cell sample. FIGURE A.7 shows
the impedance and conductivity results for the pellet annealed for three weeks (data
collected with HP 4194 impedance analyzer). FIGURE A.8 shows the impedance and
conductivity results for the non-annealed pellet (data collected with a HIOKI 3532-50
LCR HiTESTER, 40 Hz < ν < 5 MHz) The impedance results for this sample show
a significant difference from the coin cell results. In this case, two overlapping arcs
in the complex impedance plane can be observed; this can most likely be attributed
to microstructural evolution during the long annealing time. The two arcs are due
to the grain interior and grain boundary impedances. The sum of the resistances
due to the grain interior and grain boundary were used to calculate the total ionic
conductivity. Interestingly, the derived activation energy is very close to the value
obtained from the coin cell sample, indicating that there is not much change in this
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parameter from three days to three weeks annealing time. FIGURE A.8 shows the
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FIGURE A.7: (a) EIS Spectra and (b) Ionic conductivity of AgI vs 1000/T
impedance and conductivity data for non-annealed pellet. This sample does not show
the emergence of a second impedance arc, and only a single R-Q element can be fit
to the data. In addition, the derived activation energy for this sample is significantly
lower than those of the samples that were annealed for three days and three weeks;
this is another indication of the sample quality changing with time and temperature.
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FIGURE A.8: (a) EIS Spectra and (b) Ionic conductivity of AgI vs 1000/T
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A.3 Summary
The details regarding the design, fabrication, and use of newly developed
apparatuses specifically tailored to perform EIS measurements have been provided.
The designs are relatively simple, inexpensive, and may be easily fabricated with
the use of common machine shop instruments. As commercial equipment generally
tends to be both expensive and of limited scope, the goal of this work is provide a
means for an inexpensive alternative. Additionally, a worker with slightly different
needs will have little trouble making necessary modifications to suit his/her particular
experiments.
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